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SUMMARY

Programmed death-1 (PD-1) is an immune-checkpoint receptor with its primary
function to maintain peripheral tolerance of the adaptive immune responses. The
importance of PD-1 is evidenced by its deficiency leading to autoimmune disorders, its
central role in the identification and restoration of the exhausted phenotypes of antigen-
specific T cells, and the great success in targeting this pathway for cancer immunotherapy.
To better understand the fundamental question as how PD-1 achieves the potent but well-
controlled inhibition, we applied kinetic approaches focusing on its in situ ligand binding
characteristics, and the early impact on antigen recognition by the T cell receptor (TCR)
and coreceptor CD8. Different from the weak three-dimensional (3D) affinities measured
in solution using purified PD-1 and ligands, the two-dimensional (2D) affinities of ligand
binding to mouse and human PD-1 expressed on cell membrane span a range from middle
to strong, whereas PD-L1-B7-1 binding is much weaker. Comparison of 2D and 3D
affinities of PD-1 with B7-1-CD28 and B7-1-cytotoxic T-lymphocyte-associated protein
4 (CTLA-4) as well as others reveals distinct kinetic mechanisms underlying the inhibition
of PD-1 and CTLA-4, and differential enhancement of in situ ligand binding for various
receptors by the cellular environment.

By integrating the 2D kinetic analysis of PD-1 with TCR and CD8, we probed an
apparent “negative cooperativity” between these two axis, manifested as reduced molecular
bond number and bond lifetime when respective ligands were co-presented. Examination
with force spectroscopy suggested the “negative cooperativity” to be the net outcome of

suppressed “positive cooperativity” between TCR and CD8. Moreover, the dependence of

Xiii



this suppression on Src homology region 2 domain-containing phosphatase-2 (SHP-2) and
lymphocyte-specific protein tyrosine kinase (Lck) further identified it as a “binding-
signaling-binding” feedback mechanism representing fine-tuning of antigen recognition by
costimulatory/coinhibitory receptors via targeting the TCR—CD8 machinery.

In situ kinetic analysis also indicated the existence of a novel binding partner for
human PD-L1, which was identified and validated to be CD222. The hPD-L1-CD222
interaction consists of both protein-protein and lectin-carbohydrate binding components,
and is stronger than hPD-L1-PD-1 according to its higher 3D and 2D affinity/avidity. Most
importantly, CD222 is upregulated on the plasma membrane of activated T cells and
competes with PD-1 for hPD-L1, suggesting potentially significant functions on T cells at
least in part by perturbing the hPD-L1-PD-1 interaction.

Overall, our results provide an in depth understanding of the in situ interaction and
function of PD-1, and uncover a novel interaction of hPD-L1-CD222, highlighting the
complexity and significance of costimulatory/coinhibitory molecules in modulating T cell

responses.
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CHAPTER 1

INTRODUCTION

;AAn, KA E, JIMEE. (To cultivate centrality and harmony with

thoroughness is the way to bring heaven and earth to their proper place and all things their
proper nourishment [1].)

—— Confucius

“One general law, leading to the advancement of all organic beings, namely,

multiply, vary, let the strongest live and the weakest die.[2]” Evolution is perhaps not
simply the natural selection of the strongest, but rather a process of trying to strike a balance
with confined resource of nourishment. Into this process we have stumbled and thrive, if
not exactly by accident, but under the nature we think we dominate there lies the centrality
everywhere, from the level of species, to individuals, and further down to organs, cells, and
molecules. With this, “strong” and “weak” are nothing but the abstraction of centrality
from all levels below, yet collectively constituting the centrality above. Then, along with
the progression of the unreachable equilibrium driven by constitutive disruptive forces, all
things evolve, and more precisely, co-evolve.

Also evolving is our understanding of such centrality itself. Reviewing the history
of immunology, we have long been honoring how capable the immune system fights
against pathogens, but did not come to realize until around 1950 that keeping it quiescent
is equally if not more important. An understanding of the immunological balance on T

lymphocytes was first attempted in a “self” vs “non-self” model following the clonal



selection theory, the discovery of MHC restriction, and the cloning of TCR genes.
Centering around this model, which is still under in-depth mechanistic investigation, there
added the “two-signal” elaboration for T-cell activation along with the discovery of the
B7-CD28 costimulatory pathway. Then CTLA-4 as the first identified T-cell coinhibitory
receptor further advanced the concept that the balance of T-cell activation does not come
from passive unresponsiveness of TCR alone, but involves active suppression from co-
signals as well. This understanding matured over the past two decades with the expanding
list of costimulatory/coinhibitory molecules, the identification of new cell subsets and
cytokines conferring regulatory roles, the signaling components involved, and most
importantly, the clinical benefits from targeting these pathways as therapeutics for
immune-related diseases. The coinhibitory receptor of interest to this study, PD-1, is one
of the critical discoveries driving the evolution of this concept, and has also proved to be a
promising target for the novel tumor immunotherapy. But much is still left to know about
the fundamental mechanisms as how it contributes to achieving the desired T-cell
responses at the proper time and location, with the optimal magnitude and duration.

As biomedical engineers, we attempted to tackle the unknowns from biophysical
perspectives starting with depicting how ligand binding occurs for PD-1 expressed on the
native cell membrane — a basic kinetic problem with more complexity and significance
imposed by the cellular environment remains to be answered (Chapter 4). We then
extended the in situ kinetic analysis to include TCR and CD8 to resolve the PD-1
coinhibition at the level of antigen recognition (Chapter 5). In Chapter 6 we will present

the discovery of a novel binding partner for human PD-L1, the function of which requires



broad investigations in the future. In the end (Chapter 7), we summarize the contribution

of this study and discuss the important questions to continue from this point.



CHAPTER 2

BACKGROUND

2.1 T cell receptor and CD8

2.1.1 Structure of TCR and CD8

The recognition of pathogenic antigens by T lymphocytes is central to the adaptive
immune responses and is initiated by the binding of TCR with pMHC. The o/f TCR
consists of two disulfide-bonded chains each containing an N-terminal IgV domain, an 1gC
domain, a transmembrane region, and a cytoplasmic tail at the C-terminus. There is no
signaling motif in the cytoplasmic tail of either chain, but instead the signaling is mediated
by its in complex with CD3 { homodimer and &9, ey heterodimers, which encode 6, 2, and
2 Immunoreceptor Tyrosine-Based Activation Motifs (ITAMs), respectively. As a result
of thymocyte selection, binding between TCR and pMHC occurs in a restricted manner for
peripheral T cells, with CD8" T cells expressing TCRs that recognized peptide bound to
class I MHC, whereas CD4" T cells recognizing peptide presented by class 1l MHC.
Antigen recognition for CD8" T cells is largely mediated by the binding of TCR Va/VB
loops to that of the opposing MHC ala2 domains with peptide (8-9aa) bound to its peptide
binding groove [3].

CDS8 exists in forms of a covalent oo homodimer or aff heterodimer with either
chain containing a single IgVV domain, a 40-50aa stalk and a short cytoplasmic tail that is
able to associate with p56-%. CD8 interacts primarily with the a3 domain of MHC that is

distal from the TCR—MHC interface [4]. CD8-MHC binding is thought to enhance TCR



antigen recognition at least in two ways: 1) to stabilize TCR—pMHC interaction, and 2) to

bring Lck in close proximity of TCR—CD3 and thereby facilitate signaling.

2.1.2 Cooperative binding of TCR and CD8 to pMHC

The antigen-specific recognition between TCR and pMHC and the non-specific
interaction between CD8 and MHC raises the question as how the three molecule
coordinate to enhance the sensitivity for antigen while still being confined by the antigen
specificity? Part of the answer comes from the affinity and kinetic measurements of these
interactions. The 3D affinity of CD8-H2-K" is 20-fold lower than that of OT-1 TCR
interacting with H2-K”:OVA [5, 6]. An even larger difference (~3-log) was observed
between CD8-H2-DP and P14 TCR interacting with H2-DP:gp33 [7, 8]. Such dramatic
affinity differences were also confirmed by 2D kinetic analysis using nawe CD8" T cells
expressing native TCR and CD8 [9, 10]. This then suggests that antigen recognition is
highly unlikely to be initiated by CD8, but is dominated by the TCR—pMHC engagement.
In line with this model, TCR stimulation of CD8" T cells was found to activate CD8
binding to class | MHC, suggesting a sequential mode of operation [11]. More detailed
studies using 2D kinetic approaches confirmed the sequential binding model and
demonstrated the cooperative binding of TCR and CD8 to pMHC [12, 13]. The
cooperativity (tendency in forming TCR-CD8-pMHC trimolecular bond) reflects a
signaling dependent binding enhancement for CD8, as it depends on the ligand engagement
of TCR and was abolish by PP2, a Src family kinase inhibitor [12]. The underlying
mechanism of such enhancement, although remains unclear, might be related to the TCR-
triggered association of CD8 and CD3(, since disruption of CD8-Lck interaction

eliminated both CD8-CD3( interaction and the TCR—CD8 cooperative binding [14, 15].



2.2 Programmed death-1

2.2.1 Structure and expression of PD-1 and its ligands

PD-1 (CD279) was identified by Tasuku Honjo’s group in 1992 [16]. Using
subtractive hybridization, they isolated murine PD-1 gene from stimulated 2B4.11 T cell
hybridoma and Interleukin-3 (IL-3) deprived LyD9 hematopoietic progenitor cells that
undergo apoptosis. Activation of this gene was thought to be involved in the classical type
of programmed cell death, and therefore it was conferred the name “Programmed Death-
1”. Sequence analysis of PD-1 reveals a 50-55-kDa type | transmembrane glycoprotein
consisting of an IgV domain, followed by a ~20 amino acid (AA) stalk connecting to the
transmembrane domain, and the cytoplasmic tail containing two tyrosine-based signaling
motifs: a N-terminal Immunoreceptor Tyrosine-Based Inhibitory Motif (ITIM) and a C-
terminal Immunoreceptor Tyrosine-Based Switch Motif (ITSM) [16, 17]. The IgV domain
of PD-1 shares ~23% homology to CD28 in sequence but structurally is more close to
antigen receptors (TCR and BCR) and CD8 [18-21]. Expression of PD-1 was first
identified in double-negative thymocytes and peripheral T and B cells upon activation [22,
23]. Later on, a broader expression profile also included Natural Killer (NK) cells, Natural
Killer T (NKT) cells, monocytes, and even subpopulations of melanoma cells [24-28]. The
complex and dynamic expression pattern is regulated collectively by 10 transcription
factors, and on T cells the expression level is dominated by the strength of antigen
stimulation [29-31]. Therefore, while transient PD-1 upregulation on antigen-specific T
cells is usually associated with acute infections, cases with persistent antigen stimulations
such as chronic viral infections and cancer usually induce constitutively high PD-1

expression [32, 33].



The first ligand for PD-1, PD-1 ligand 1 (PD-L1, B7-H1, CD274), was discovered
independently by two groups in 1999 and 2000, both involving genetic database searches
for B7 homologs [34, 35]. Like other B7 family members, there is an IgVV domain and an
IgC domain in the extracellular region of PD-L1, sharing ~25% identity with B7-1. The
cytoplasmic tail is ~30 AA in length, with no signaling motif identified [21]. PD-L1 is
expressed in both hematopoietic and non-hematopoietic cells in resting states. Depending
on the cell type expressed, its expression is further upregulated generally by pro-
inflammatory cues, such as antigen stimulation of T cells, and lipopolysaccharide (LPS),
Interferon y (IFN-vy), Granulocyte Macrophage Colony-Stimulating Factor (GM-CSF), or
Interleukin 4 (IL-4) stimulation of macrophages [36]. Increased PD-L1 expression is also
found on many types of cancer cells, which may be partially attributed to reduced
expression or activity of Phosphatase And Tensin Homolog (PTEN) [24, 33, 37].

Searching for PD-L1 homologs in GENBANK lead to the discovery of PD-1 ligand
2 (PD-L2, B7-DC, CD273), which shares 38% identity with PD-L1 [38]. The same
molecule was identified independently as B7-DC in a subtractive analysis of cDNA
libraries of DC and activated macrophage [39]. PD-L2 has similar structural arrangement
as PD-L1 and is 23% identical to B7-1. In contrast to the universal expression of PD-L1,
PD-L2 expression is restricted to professional antigen presenting cells. It is also expressed
by a subset of resting peritoneal B1 cells, and induced on macrophages and DCs upon

stimulation with IFN-y, GM-CSF, or IL-4 [24, 36].

2.2.2 Function and signaling of PD-1
Although PD-1 was discovered to be associated with apoptosis, overexpression of

PD-1 alone failed to induce cell apoptosis [22]. The immunosuppressive role of PD-1 to



maintain peripheral tolerance was first evidenced by the autoimmune symptoms developed
by PD-1 knockout mice [40, 41]. Polymorphisms of gene PDCDL1 in human is also
associated with various autoimmune diseases including SLE, rheumatoid arthritis, Type |
diabetes, etc, among different populations [42]. Although costimulation of T cell function
by PD-L1 and PD-L2 was reported, increasing evidences consolidated the inhibition of T
cell function by PD-1, whereas the costimulation observed might originate from the
interactions with additional receptors on T cell surface [43-49]. In addition to maintaining
immune quiescence, PD-1 also limits antigen-specific T cell responses during bacterial or
viral infections. The outcome is the formation of memory T cells with undetectable PD-1
expression after pathogen clearance in an acute infection, or the chronic co-existence of
pathogen and exhausted antigen-specific T cells with persistent high expression of PD-1
[30, 50-55]. The exhaustion is manifested phenotypically as gradual loss of proliferative
potential, cytokine production, and kill capacity, and transcriptionally and epigenetically a
state different from effector and memory cells [56, 57]. While many state it as a mechanism
hijacked by pathogens to escape the immune response, a more neutral perception considers
the benefits of avoiding immunopathology and deletion of high-affinity T cell clones due
to over activation, and thereby extends the current paradigm of immune response to
multiple modes, just like different strategies in a 100-m race vs. in a marathon.
Nevertheless, antibody blockade of the PD-1 pathway is able to partially restore effector
functions of exhausted CD8" T cells and promote viral clearance [30, 53]. Moreover, the
upregulation of PD-L1 on multiple tumors, the exhaustion of tumor antigen-specific CD8*
T cells, and the enhanced anti-tumor immunity following PD-1/PD-L1 blockade together

drove PD-1/PD-L1 based therapeutics from bench to bedside [33, 58]. The high response



rates (alone or combined with other therapies) to multiple cancer types and the mild adverse
effects make it a promising target of tumor immunotherapy with monoclonal antibody
drugs nivolumab and pembrolizumab on market now and more coming out of the pipe line
[42, 59]. The benefits of such blockade are attributed to the improved functions of
intratumoral CD8" T cells and also the enhancement by the interaction of the antibodies
with Fcy receptors [60, 61]. In addition to the general inhibitory effects on conventional T
cells, the more complex functions of PD-1 are reflected by its important role in the
generation and function of induced regulatory T cells [62-64], its high expression on
follicular helper CD4" T cells [65], the improved cognitive performance in an Alzheimer's
mouse model with PD-1 blockade [66], and even its expression on and promoting growth

of certain tumor cells [28].

APC
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Figure 2.1: Mechanisms of PD-1 inhibition of TCR signaling and T cell effector
functions.



Different from the functional role of ITIM in other inhibitory receptors, the PD-1
ITIM seems to be dispensable for the inhibitory function. Instead, mutation of the Try in
ITSM abolishes PD-1 inhibition in both T and B cells [41, 67]. Immunoprecipitation
identified the association of SHP-2 with ITSM in several models: (1) co-ligation of BCR
and FcyR-PD-1 chimeric receptor in a B lymphoma cell line [41], 2) pervanadate
stimulation of CD4" T cells expressing mCD28-hPD-1 chimeric receptor or wild-type
Jurkat cells [67, 68], and 3) MCCass.103 pulsed DC-1 stimulation of AND TCR hybridomas
expressing PD-1 [69]. Recruitment of SHP-1 by ITSM remains controversial as it was only
detected in (2), maybe due to the nonphysiological responses to pervanadate stimulation.
The recruitment of phosphatase(s) then leads to reduced phosphorylation of molecules in
TCR and CD28 pathways from as upstream as CD3 and ZAP-70 to downstream PI3K—AKkt
and PLCyl1-Ras—MEK-ERK axis [68-71]. The direct interference with early TCR/CD28
signaling endows PD-1 the potent inhibitory effect to a broad cell functions, from cell arrest
with “stop signals” to cell cycle progression, metabolism conversion, and cytokine

production, etc (Figure 2.1) [71-75].

2.2.3 Interactions of PD-1 with its ligands

Crystal structures of murine PD-1 in complex with human PD-L1 or murine PD-
L2 show a 1:1 receptor-ligand stoichiometry, as suggested also by the monomeric forms of
PD-1 and ligands in solution and on cell membrane [18-20, 76]. Interestingly, the complex
manifest the interactions of variable domains from antigen receptors (Vw/VL for BCR and
V/Vp for TCR) by using their A’GFCC’C’’ fS-sheets to interact with each other while
leaving the loops exposed [18-20]. This is quite different from the B7-1 binding to CD28

and CTLA-4, a monomeric interaction for the former and a dimeric interaction for the

10



latter. Besides, B7-1-CTLA-4 binding occurs at their GFCC” S-sheets with an orthogonal
docking [77].

Binding of murine PD-1 to either hPD-L1 or mPD-L2 induces modest
conformational changes in the FG loop. On the ligand side, conformation change of found
in CC’ loop of mPD-L2 but not hPD-L1. Moreover, structural comparison of hPD-1 with
mPD-1 in forms of Apo or in-complex reveals significant differences. Apo-hPD-1 displays
different positioning of the FG loop and BC loop, and the absence of C*’ strand makes a
long C’D loop [18]. hPD-L1 binding to hPD-1 changes the hPD-1 CC’ loop from open to
closed conformation, whereas the CC’ loop in apo-mPD-1 is already closed [78]. These
structural differences suggest the binding properties of PD-1 to vary by ligands and species.

Several groups reported the affinity and kinetics of human and murine PD-1 ligand
interactions measured using surface plasma resonance (SPR). Most of them used Ig fusion
protein constructs giving Kq values with large discrepancies (0.01 - 0.77 piM) [79-82]. More
accurate results were obtained using monomeric PD-1 and PD-1 ligands compiling Kgq
values of 8.2, 2.3, 29.8, and 38.4 M for hPD-1-hPD-L1, hPD-1-hPD-L2, mPD-1-mPD-
L1, mPD-1-mPD-L2, respectively [18]. Comparing with the strong interactions between
B7-1 and CTLA-4 (Kg = 0.4 pM), human hPD-1 ligand interactions are weaker and similar

to B7-1-CD28 (Kq = 4.3 M) [83].

2.2.4 Additional interactions for PD-1 ligands

Additional binding partners have been identified for PD-L1 and PD-L2. PD-L1 is
able to bind B7-1 with slightly lower affinity than to PD-1 and induce bi-directional
inhibitory signaling in the absence of CD28 and CTLA-4 [80, 82]. In vivo administration

of antibody that specifically blocks PD-L1-B7-1 but not PD-L1-PD-1 suggest a role for

11



this interaction in the induction and maintenance of periphery tolerance [84, 85]. PD-L2 is
recently reported to bind Repulsive Guidance Molecule b (RGMb) with similar affinity to
PD-1 and promote respiratory tolerance [86]. These new interactions bring more
complexity to the PD-1 system with the outcome determined by the cell type, the

expression level of these molecules, their binding properties, and signaling capacities.

2.3 CD222

CD222 is a ~300 kDa type-1 transmembrane protein belonging to the p-type lectin
family typically known as Cation-Independent Mannose 6-Phosphate Receptor (CI-MPR)
or Insulin-Like Growth Factor-Il1 Receptor (IGF2R). Independent studies of CI-MPR and
IGF2R converged at the point that they are the same protein [87]. The extracellular domain
of human CD222 consists of 15 homologous repeats with each of 134 - 167aa and can form
non-covalent dimer via interactions presumably across the whole length of the ectodomain
[88, 89]. The 164aa cytoplasmic tail contains one palmitoylation site, two phosphorylation
sites (Ser), and multiple binding sites for transport proteins [90]. CD222 is universally
expressed in various mammalian cell types with a major distribution to intracellular
compartments [91].

One major function of CD222 is to transport newly synthesized lysosome enzymes
from trans-Golgi network (TGN) to endosomes. This is achieved through the recognition
of the M6P moieties on these cargos by the M6P binding sites mapped to domain 3 and
domain 9, a similar mechanism adopted by Cation-Dependent Mannose 6-Phophate
Receptor (CD-MPR), the other member of the family [92]. The same mechanism was also
used to recycle extracellular lysosome enzymes by CD222 on the plasma membrane.

Mutations affecting this pathway can cause diseases of lysosomal dysfunction [93].
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Another line of research focuses on the binding of CD222 to IGF-I11, which depends
on domain 11 and 13 without involving M6P recognition [94]. This interaction is thought
to mainly control the level of soluble IGF-I1 for IGF1R binding, as suggested by the rescue
of fetal lethal phenotype of CD222 knockout mice by inactivation of either IGF-II or
IGF1R [95]. A series of studies also suggest that IGF-I1 binding induces direct association
and activation of various G proteins by CD222 cytoplasmic tail, a model still remains
elusive due to conflicting observations [96-100].

In addition to the two types of ligands above, a panel of proteins have been found
to interact with CD222 and lead to various functions depending on the cell type and the
ligand engaged. For example, CD222 binds to Transforming Growth Factor 1 (TGF-B1)
precursor (via M6P), Urokinase Receptor (UPAR), and plasminogen to activate TGF-B1
from its latent form [101, 102]. Binding to proliferin by CD222 induced endothelial-cell
migration and angiogenesis [103]. Retinoic Acid (RA) can bind to CD222 and cause
growth inhibition and induction of apoptosis [104-106]. There are also interactions
detected with in vivo functions not clearly defined, such as the binding to Leukemia
Inhibitory Factor (LIF) and Human Hemochromatosis Protein (HFE). Of note, CD222 is
also found on T cell surface after activation and plays multiple roles in regulating normal
T cell function. CD222 is able to bind Lck and transport intracellular Lck to cell membrane
to maintain normal TCR signaling [107]. It is also suggested to enhance T cell activation
by internalizing CD26 via M6P binding [108]. During the contraction phase of CD8* T
cells in mice infected with Listeria monocytogenes expressing OVA (LmOVA), CD222"s"

CD8" effector T cells are more likely to internalize granzyme B and undergo apoptosis,
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whereas CD222'° CD8" effectors preferentially survive and seed the memory T cell pool

[109], the same mechanism that was involved in enhanced killing of target cells [110].
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CHAPTER 3

MATERIALS AND METHODS

3.1 Cells

3.1.1 Cell lines

Chinese hamster ovary (CHO) cells, Jurkat cells clone E6.1, and Raji B cells were
purchased from American Type Culture Collection (ATCC). CHO cells expressing mB7-
1 were a generous gift of Dr. Periasamy Selvaraj (Emory University, Atlanta, GA). Jurkat
E6.1 cells expressing hPD-1 were a generous gift of Dr. Simon Davis (The University of
Oxford, London, UK). THP-1 cells were a generous gift of Dr. Arash Grakoui (Emory
University, Atlanta, GA). All the cells above were cultured at 37 <€ with 5% CO: in R10
medium: RPMI 1640 (Cellgro) supplemented with 10% FBS (Cellgro), 100 U/mL
penicillin (Cellgro), 100 pg/mL streptavidin (Cellgro), 2 mM L-glutamine (Cellgro), and
20 mM HEPES (Cellgro). mB7-1 CHO cells were cultured with the addition of 0.4 mg/ml

G418 (Cellgro).

3.1.2 Primary Cells

OT-I transgenic, P14 transgenic, and PD-1 knockout P14 transgenic mice were
housed at the Emory University Department of Animal Resources facility following
protocol approved by the Institutional Animal Care and Use Committee of Emory
University. Total splenocytes were prepared by mechanical grinding of the spleen followed
by RBC lysis (eBiosciences) according to the manufacturer’s instructions. OT-I or P14
splenocytes were incubated at a density of 2 million/ml for 2 hr at 37 € with 1 nM OV A2s7-

264 (SIINFEKL) or 10 nM LCMV gpss-41 (KAVYNFATM), respectively. Cells were then
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washed with HBSS, resuspended in R10 medium and cultured at 4 million/3 ml/well in 12-
well plate at 37 € with 5% CO,. CD8" T cells were purified on Day 2 or Day 3 post
activation via Ficoll gradient separation followed by CD8 negative purification with
magnetic beads (Miltenyi Biotec).

Whole blood of healthy donors were acquired according to a protocol approved by
the Institutional Review Board of the Georgia Institute of Technology [9, 10, 12]. RBCs

and PBMCs were separated via Ficoll gradient centrifugation.

3.1.3 Generation of stable transfectants

cDNAs of hPD-1 (BC074740), mPD-1 (BC120602), and hB7-1 (NM_005191.3)
were subcloned into pcDNA3.1 (+) mammalian expression vector (Life Technologies).
hCD222 (NM_000876.1) cDNA vector was purchased from Origene, and subcloned into
pDEST-47 vector for expression of GFP fusion protein.

CHO cells were transfected with the expression vectors above using nucleofection
(Lonza) kit T following the instructions provided. To generate stable cell lines, transfected
cells were subjected to G418 selection (0.4 mg/ml) and multiple rounds of FACS sorting
for uniform surface receptor expression labeled by respective antibodies conjugated with

PE/APC (or GFP signals for hCD222-GFP CHO).

3.2 Proteins, antibodies, and chemicals

3.2.1 Proteins
Hiss-tagged hPD-L1, hPD-L2, mPD-L1, and mPD-L2 with BirA sequence, as well
as Hise-tagged hPD-1, hCD28, and hCTLA-4 fused with mlgG1 Fc were produced in CHO

cells by Dr. Simon Davis lab (Oxford University, London, UK) using approaches described
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previously [83, 111, 112]. Biotinylation was performed in vitro using the BirA biotin-
protein ligase kit (Avidity). Hise-tagged hCD222 AA43-1365 produced in CHO cells and
Hise-tagged hCD222 AA1510-2108 produced in mouse myeloma cells were purchased
from R&D Systems. Wide type and a3A2 mutant of H2-K®: OV Azs7-264 and H2-D: gpss-
41 were made by the National Institutes of Health Tetramer Core Facility at Emory

University.

3.2.2 Antibodies and labeling reagents

anti-hPD-1-PE (MIH4), anti-hPD-1-APC (MIH4), anti-hPD-L1-PE (MIH1), anti-
hPD-L2-PE (MIH18), anti-mPD-1-PE (J43), anti-mB7-1-PE (1G10/B7), anti-hCD28
(CD28.2), anti-hCTLA-4 (BNI3), anti-mTCR Va2 (B20.1), anti-mCD80—PE (53-6.7),
anti-hCD14-FITC (MS5E2), isotype mlgGl,x—PE (MOPC-21), isotype RatlgG2a,A-PE
(B39-4), isotype RatlgG2a,k—PE (A95-1), and isotype American hamster 1gG2,k—PE
(B81-3) were from BD Pharmingen. Anti-mPD-L1-PE (MIH5), anti-mPD-L2-PE (TY25),
anti-hB7-1-PE  (2D10.4), anti-H2K":SIINFEKL-PE  (25-D1.16), anti-hCD3-APC
(OKT3), and isotype RatlgG2a,x—PE (eBR2a) were from eBiosciences. Anti-H2D"— PE
(KH95), anti-hB7-1-APC (2D10), anti-hCD3-FITC (UCHT1), anti-hCD8u—PerCP
(HIT8a), anti-hCD20-PerCP-Cy5.5 (2H7), anti-hCD56-PE-Cy7 (HCD56), isotype
mlgG2a,k—PE (MOPC-173), isotype mlIgG2b,x—PE (MPC-11), isotype RatlgGl,x—PE
(RTK2071), and CFSE were from Biolegend. Anti-hCD222-PE (MEM-238), anti-
hCD222-APC (MEM-238), isotype mIgG1,k—PE, isotype mIgG1,x—APC, Streptavidin—
PE, streptavidin—APC, and Live/Dead NIR were from Life Technologies. Anti-pERK-PE
(197G2) and isotype Rabbit 1IgG-PE (DAL1E) were from Cell Signaling. Biotin—anti-

PentaHis was from Qiagen.
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3.2.3 Blocking reagents

The following antibodies were used for blocking the binding of the respective
molecules: anti-hPD-1 clone EH12.2H7 (Biolegend), anti-mPD-1 clone J43 (BD
Pharmingen), anti-hPD-L1 clones MIH1 (BD Pharmingen), MIH2 (Abcam), 29E.2A3
(Biolegend), 1B12 (Abcam). anti-hPD-L2 clone MIH18 (Biolegend), anti-hB7-1 clone
2D10 (Biolegend), anti-mB7-1 clone 16-10A1 (eBiosciences), anti-nCD222 clones MEM-
238 (Abcam), NEM-239 (Creative Diagnostics), NFN-349 (Creative Diagnostics), and
2G11 (Thermo Scientific). The antibodies were used at a concentration of 10 pg/ml unless
noted otherwise. NaM6P (Sigma Aldrich) was used to block the M6P binding sites of
CD222 at concentrations as noted.

The following chemicals were used to inhibit the activities of signaling molecules:
PTP inhibitor I (Santa Cruz) for SHP-1, NSC87877 (Santa Cruz) for SHP-1 and SHP-2,
and 7-Cyclopentyl-5-(4-phenoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-ylamine (Sigma

Aldrich) for Lck.

3.3 Flow cytometry and fluorescent imaging

3.3.1 General surface staining with antibodies

Samples were pre-blocked with blocking reagent for 15 min at 4 <C as needed, and
then without washing stained for 30 min at 4 <C in 100 il of FACS buffer (PBS without
Ca?" or Mg%*, 5 mM EDTA, 2% FBS) containing 10 pg/ml (or as suggested by the product
instruction) of antibodies of interest. Fluorescent tetramers were made by mixing
biotinylated proteins with SA-PE or SA-APC following the instructions of National
Institutes of Health Tetramer Core Facility. Tetramers were added at an equivalent

monomer concentration of 2 pg/ml. Isotype Igs and SA-PE/APC controls were added at
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an amount equal to that in respective samples. Sample were washed twice with 2 ml of
FACS buffer, fixed with 200 A of 1% PFA for 15 min at 4 <C, washed once with 2ml of
FACS buffer, and then resuspended in 300 I of FACS buffer for analysis under LSR I
flow cytometer (BD Biosciences). Flow cytometric data were analyzed using FACS DIVA

(BD Biosciences) and FlowJo (TreeStar).

3.3.2 Intracellular staining of pERK

0.5 million Jurkat E6.1 cells were pre-blocked on ice with the blocking reagents
(e.g. NaM6P) as needed, and then mixed with ice-cold R10 containing soluble proteins
(e.g. anti-CD3, hPD-ligand tetramers, and their mixture) or functionalized SA beads.
Stimulation was enabled by transferring the mixture into 37 <C water batch. For beads
stimulation, the mixture was centrifuged at 1,200 rpm for 1 min at 0 <C before transferring
into 37 <C. Reaction was stopped at the indicated time points by transferring the samples
back on ice, followed by addition of 200 i of 4% PFA. Samples were then incubated on
ice for 30 min, washed with 200 | of FACS buffer, and then incubated with 200 i of 90%
methanol for 30 min on ice. Permeabilized samples were washed 2x with 200 I of FACS
buffer, resuspended in 100 i of FACS buffer containing 2 | of anti-pERK—PE or rabbit-
IgG—PE, and incubated at room temperature for 1 hr. Samples were then washed 2x with

200 i of FACS buffer before analyzing by flow cytometer.

3.3.3 CFSE staining of human PBMCs

10 million peripheral blood mononuclear cells (PBMCs) were incubated in 2 ml of
PBS with 5 pM CFSE at 37 <€ for 10 min. Staining was quenched with 44 ml of cold R10
medium, and washed again with 15 ml cold R10 medium. Cells were resuspended in warm

R10 at 1 million/ml and seeded at 500 pd/well in 24-well plate coated with anti-CD3
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(OKT3, 1 g/ml <500 M, 4 <€, overnight) or control Ig. Cell were harvested at the time
points indicated and stained first with Live/Dead NIR according to the manufacturer’s
instructions, followed by staining using anti-CD3—-PE along with anti-PD-1-APC, anti-B7-
1-APC, anti-CD222—-APC or mlgG1,k—APC at 4 € for 30 min. Samples were then

washed, fixed, and analyzed following the general staining protocol as stated in 3.3.1.

3.3.3 Confocal imaging

CD222-GFP CHO cells were detached with 5 mM EDTA/PBS, washed and
resuspend in HBSS and added to cover slide. Cells were imaged under LSM 510 confocal
microscope (ZEISS) equipped with a Plan-Apochromat 100x/1.40 oil objective using X,y
scanning mode. Cells were excited with 488 nm laser with the emission collected at 525

nm.

3.4 2D and 3D kinetic assays

3.4.1 Micropipette adhesion frequency assay

The theoretical framework and detailed procedures have been reported previously
[10, 113, 114]. In brief, binding events of cells expressing the receptor of interest were
analyzed against human red blood cells (RBCs) coated with controlled densities of
respective ligand for well-defined contact durations. Human RBCs of healthy donors were
biotinylated, functionalized with saturating amount of streptavidin (SA) and washed [10].
SA-coated RBCs were then incubated with biotinylated recombinant proteins and washed
prior to adhesion frequency assay or flow cytometric analysis. As an example, a CHO
expressing PD-1 and a RBC coated with PD-1 ligand were repetitively brought in contact

for a well-defined duration (tc) with a constant contact area (Ac). Adhesion frequency (Pa)

20



was calculated over scoring 50 contact cycles, with each giving 1 for adhesion or 0 for no
adhesion based on the deflection of the RBC membrane upon separation. The adhesion
frequency curve (Pa Vs tc), which monotonically increases then plateaus (Figure 3.1A),
reflects the kinetic nature of the molecular bond formation and dissociation at the cellular
interface and can be well-fitted to the following equations assuming a single step first order
reaction [113]
Pa=1-exp(-<n>) @
and  <n>=mmiAcKa[l—exp (Kofftc)]. 2
Here <n> is the average number of bonds per contact, m; and m; are the respective
densities of the receptor (e.g. hPD-1) on the CHO cell and the ligand (e.g. hPD-L1) on the
RBC that can be measured using PE-labeled monoclonal antibody together with
QuantiBRITE PE standard beads (BD Biosciences), Ac is the contact area, Ka is the 2D
affinity (in pm?), and ko is the off-rate (s1). Since Ac and K, cannot be separated in curve
fitting, they are lumped together as the effective 2D affinity AcKa. Together with 2D off-
rate (kotr) they were determined from least-mean-square fitting. 2D on-rate was further
calculated as
Ackon = AcKa *Koff. 3)
The adhesion frequency assay was confirmed to have single-bond sensitivity yet
remains highly specific. For CHO cells expressing 128 hPD-1 molecules per pm?, RBCs
coated with hPD-L1 (16.4 /pm?) or hPD-L2 (5.3 /pm?) generated P, of 0.62 or 0.6,
respectively, whereas RBCs coated with SA alone (ligand-free) gave Pa < 0.1 (Figure
3.1B). The Pa was also reduced to background level when hPD-1 was blocked using a

monoclonal antibody (clone EH12.2H7) or using WT CHO cells without PD-1 expression,
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further confirming the detected bond formation are specific to the receptor-ligand pair

being analyzed.
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Figure 3.1: 2D kinetic analysis using adhesion frequency assay. A) Adhesion frequency
curves for hPD-1-hPD-ligand interactions. Each point represents mean =SEM of 3-5 cell
pairs tested for the corresponding contact duration. B) Representative specificity controls
of adhesion events for hPD-1 ligand interactions including ligand-free RBCs, receptor-free
WT CHO cells, or PD-1 CHO cells with anti-PD-1 blocking.
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Figure 3.2: Force-clamp assay using biomembrane force probe. A) Schematics of the
BFP setup. The probe bead was coated with biotinylated ligand through SA coupling and
attached to the biotinylated RBC aspirated by the micropipette (Left). B) Representative
force trace showing a measurement cycle with bond lifetime detected at the set force level.

(Adapted from Liu, B., et al. (2014). Cell 157(2): 357-368.)

3.4.2 Biomembrane force probe force-clamp assay

Biomembrane force probe (BFP) measurement of single bond lifetime in response
to force has been described previously [115]. In brief, a T cell is repetitively brought into

contact with a ligand coated glass bead attached to a micropipette aspirated RBC, then
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retracted and held at a distance corresponding to the set force level (Figure 3.2). The
displacement of the bead is tracked at 1000 fps with sub-nanometer precision. The
displacement trace is then translated into force trace with a preset RBC spring constant to
0.3 pN/nm (Figure 3.2B). Molecular bond formed between the ligand on the bead and the
receptor on the T cell pulls the bead away from its original position during T cell retraction,
as reflected by the increase in force applied on the bond in the force trace (Figure 3.2B).
The force (bead displacement) sustains until the bond ruptures, with the total duration
defining the bond lifetime under the clamped force level (Figure 3.2B). Repeated
measurement cycles at multiple force levels generated a pool of such events, which are
usually presented in the form of average bond lifetime <t> vs average force by
automatically or manually binning the events based on force. Cumulative histogram of
lifetime events for each bin can also be calculated as the number of events with lifetime

greater than t.

3.4.3 Cooperativity analysis of bond number and bond lifetime

Micropipette adhesion frequency-based cooperativity analysis of total bond number
consisting of dual receptor-ligand species has been described previously [12, 116, 117].
For the molecular systems in this study, the average bond numbers for RBCs coated with

individual or mixed ligands were calculated as following:

<n>pmHc = —In(1 — Pa_pmHc), (4)
<n>pp-11 = —IN(1 — Pa_pp-L1), (5)
and <n>pix = —In(1 — Pa_mix). (6)

When a3A2 mutant pMHC were used, <n>puHc IS equivalent to <n>tcr-pmHC

alone. With WT pMHC, <n>pmHc is the lumped sum of three types of molecular bonds:
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TCR—-pMHC, CD8-pMHC, and TCR-CD8-pMHC, where CD8—pMHC is negligible
according to its 2-log to 3-log lower affinities than that of TCR-pMHC in this study.
Assuming concurrent and independent interactions of pMHC and PD-L1 with their
respective binding partners on T cells, the predicted total bond number would be the simple
addition of individual ones [116, 117]

<N>total = <N>pmHC + <N>pp.L1. @)

The net cooperativity is then calculated as the difference between predicted total
bond number and that measured in the mixture coating condition

A<n> = <N>pix — <N>total. (8)

We name it apparent “positive cooperativity” or “negative cooperativity” in the
case A<n> >0 or A<n> < 0, respectively. The percentage of changes in bond number is
then defined as 4<n>/<n>a). To reduce cell-cell variation among groups with different
coating, we improved the protocol by testing the same T cell randomly against three RBCs
with individual coating or mixture coating, which allowed for analyzing cooperativity with
paired single-cell readout.

For cooperativity analysis of bond lifetime, the concept is similar except that the
readout now is the lifetime of single bonds from all possible interactions involved. By
binning the events based on their clamping force, we calculated the average bond lifetime
for each coating conditions: <t>pwrc, <t>pp.L1, and <t>mix. Again, <t>pmnc is equivalent
to <n>tcr-pmHc alone when using a3 A2 mutant pMHC, whereas with WT pMHC, <n>pmHc
is the weighted sum of lifetime from three types of molecular bonds: TCR-pMHC, CD8-
pMHC, and TCR-CD8-pMHC, where the weight components represent the normalized

fractions as in average bond numbers. Also, the assumption of concurrent and independent
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binding predicts that the fractions of the molecular bonds (f) are determined by their 2D

affinity/avidity and their respective receptor and ligand densities, with the predicted
average bond lifetime defined as

<t>total = fomHC<t>pmHc + frp-L1<t>pD.L1. 9)

The difference between predicted and measured average bond lifetime then defines the

cooperativity in lifetime

A<t> = <t>pix — <t>total. (10)

Since <t>pwnc IS much longer than <t>pp.: at low force level, the reduced

fractions of bonds observed in bond number cooperativity analysis could then be further

resolved, with reduced <n>pmrc giving 4<t> < 0, while missing <n>pp..1 giving A<t> >

0. The same principle was also applied to analyze the histogram of lifetime within a certain

force bin, where the averaged bond lifetime <t> is replaced with the lifetime distribution.

3.4.4 Surface plasma resonance

The SPR experiments were performed on a Biacore T200 (GE Healthcare) at 25 €
or 37 <€ as stated. Biotinylated hPD-L1, hPD-L2, and control protein (LILRA2) were
immobilized to SA sensor chip to ~2000 RU. For affinity measurement, serial dilutions of
soluble CD222 D1-9 were injected in HBS-EP buffer (0.01 M HEPES pH 7.4, 0.15 M
NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20) at 10 pi/min for 1 min, and allowed to
dissociate for 2 min before regeneration by a 10-s injection of 1 mM HCI. Sensorgrams
were analyzed using Biaevaluation software and fitted using the curve fitting tools to derive

the affinity and kinetic parameters.

3.5 Biochemical assays
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3.5.1 Receptor pulldown from Jurkat

150 million Jurkat E6.1 cells were harvested and washed with cold PBS. Cells were
resuspended in 2 ml of cold hypotonic lysis buffer (10 mM HEPES, pH 7.4, 42 mM KCl,
5 mM MgClz, 1 x Halt protease inhibitor cocktail) and swelled on ice for 20 min. Cells
were lysed by sonication (power 3.0, 8 sec %<3 cycles) on ice using ultrasound sonicator
(Misonix), and clarified by two rounds of centrifugation at 15,000 g for 10 min each.
Membrane pellet was collected by centrifuging clarified cell lysate at 140,000 g for 35 min.
Membrane was washed with 2 ml of hypotonic lysis buffer and centrifuged again at
140,000 g for 10 min. Membrane was then dissolved in 1.6 ml of NP40 lysis buffer
containing 1 x Halt protease inhibitor cocktail for 1.5 hr on ice. Undissolved fraction was
eliminated by centrifugation at 120,000 g for 10 min. All the centrifugation step mentioned
above were performed at 4 €. Membrane lysate was then further clarified with 100 i of
SA beads (Dynabeads, SA-280) at 4 <€ for 2.5 hr and were ready to use.

The total membrane lysate was split into two, and incubated overnight at 4 € with
40 i of SA beads coated with 2 g of biotin-hPD-L1 or biotin-hPD-L2. Beads were then
washed 3 x with NP40 lysis buffer containing 1 x Halt protease inhibitor cocktail, and
subjected to the 1% elution with 20 i of 0.2 M glycine buffer (3 min) and the 2" elution
with 40 i of laemmli buffer at 99 € for 10 min. Eluates from the 1% elution were quickly
neutralized by adding 2  of Tris HCI (pH 8.0). All eluates were subjected to 4% -15%

SDS-PAGE analysis and displayed using Sypro Ruby staining (Life Technologies).

3.5.2 Mass spectrometry
Mass spectrometry samples were prepared from target gel sections via in-gel

trypsin digestion. Briefly, gel pieces were destained with 1:1 mixture of acetonitrile and 50
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mM ammonium bicarbonate (ABC), and dehydrated with acetonitrile till white and hard,
followed by vacuum dry in Centrivap without heat. Reduction and alkylation were then
performed by sequentially incubate gel pieces in 10 mM DTT (30 min) and 55 mM
iodoacetamide (45 min in dark) at room temperature. After that, gel pieces were wash with
50 mM ABC and dehydrated with acetonitrile, followed by incubation with Trypsin
(Promega) on ice for 30 min. Trypsin solution were then removed and replaced with 50
mM ABC for overnight incubation at 37 “€. Digested peptides were extracted by
dehydration using acetonitrile, and then vacuum dried and frozen at -80 <.

Peptide extracts were reconstituted in HPLC grade water, and analyzed with LTQ
Orbitrap XL ETD hybrid linear ion trap/orbitrap tandem mass spectrometer with a mass
accuracy of less than 2 ppm. Mass files were searched against both non-redundant and
human databases using Mascot (Matrix Science) for peptide mass fingerprint matches with

a peptide mass tolerance of 10 ppm and a MS/MS mass tolerance of 1.2 Da.

3.5.3 PNGase F treatment

For deglycosylation of native hPD-L1, 2 pg hPD-L1 in 10 i of HBS (0.01 M
HEPES, 150 mM NacCl, pH 7.4) was mixed with 2 i (1,000U) of PNGase F (NEB) and
incubated at 37 <€ for 6 hr, and stored at 4 €. hPD-L1 treated with the same process but
without PNGase F was included as a negative control. For positive control of complete
removal of N-glycans, 0.5 pg hPD-L1 in 2.5 |4 HBS was mixed with 1 pil of denature
buffer (NEB), 6.5 i of H20, and boiled at 100 <€ for 10 min. Denatured hPD-L1 was then
mixed with 1.5 | of glycoprotein buffer (NEB), 1.5 i of NP40, 1 | (500U) of PNGase
F, 1 ( of H2O, and incubated at 37 <€ for 1 hr. All samples were separated by 4% - 15%

SDS-PAGE followed by coomassie blue (Bio-Rad) staining.
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3.6 Statistical analysis
Data from single group/point were presented in mean =SEM unless box-whisker
plot was used. For box-whisker plot, the center line labels median, the box contains the two
middle quantiles, and the whiskers mark the min and the max. Comparison of two groups

were based on Mann-Whitney test unless student’s t-test or paired t-test was noted.
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CHAPTER 4
2D KINETIC ANALYSIS OF PD-1, PD-LIGAND, AND B7-1

INTERACTIONS

4.1 Introduction

The great therapeutic potential of PD-1 and its critical role in T-cell and B-cell
biology demand a better understanding of the interactions within the complex PD-1/PD-
ligands/B7-1 system. Extensive efforts have been made to interrogate these interactions
using structural, mutagenesis, and SPR approaches, establishing our current knowledge
pool with binding interface resolved, hotspot residuals and potentially distinct binding
modes identified, and 3D binding properties measured [18-20, 48, 76, 79-81]. However,
most of the kinetic studies used different dimeric protein constructs and reported Kinetic
parameters with large discrepancies. Recently, Cheng et al. characterized in detail the
monomeric binding properties of purified PD-1, PD-1 ligands, and B7-1 proteins in
conjunction with structural investigation and reported relatively weak affinities of PD-1
ligand interactions, and even lower values for the B7-1-PD-L1 interactions [18]. We and
others have shown that, in contrast to 3D measurements, 2D kinetic parameters measured
in situ with molecules expressed on the native cell membrane display different
characteristics that reflect effective binding properties integrating both the physical and
chemical determination of the binding interface and structural and/or organizational
regulation by the cellular environment [118]. In addition, a better correlation with
downstream cellular functions has been shown for 2D kinetics of TCR—pMHC interactions
than 3D parameters [10, 13, 119-121]. Here we report a systematic 2D kinetic analysis of

the PD-1/PD-ligand/B7-1 system in both human and murine species. The 2D parameters
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follow the same trend as the 3D ones in general, but identify PD-1 ligand interactions in
the middle to strong range. In contrast, 2D B7-1-PD-L1 interaction is much weaker than
PD-1-PD-L1 for both human and murine. Finally, comparison of 2D vs 3D affinities for
multiple molecular interactions reveals differential enhancement of ligand binding by the

cellular environment.

4.2 Results

4.2.1 2D interactions of human PD-1

We performed micropipette adhesion frequency assay using CHO cells expressing
human PD-1 (hPD-1) and RBCs coated with human PD-1 ligands to study their 2D
interactions. All Pa vs tc curves were well fitted to Egs. 1 and 2 with three combinations of
hPD-1 and ligand densities for each ligand (Figure 4.1A & B), indicating that the
previously reported monomeric binding model in solution also applies to binding on the
cell surface. The effective 2D affinity (AcKa) and 2D off-rate (kotr) were extracted from the
curve fitting and used to derive the effective 2D on-rate using Eq. 3 (Table 4.1). Comparing
the 2D kinetic parameters (Figure 4.1C-E, open columns) with their 3D counterparts
(Figure 4.1C-E, solid columns) measured using SPR [18], the effective 2D affinities follow
the same rank order as the 3D affinities, but show a greater difference between the two
ligands, with the AcKa for hPD-1-hPD-L2 3.75 fold higher than that of hPD-1-hPD-L1
interaction (Figure 4.1C). The 2D AcKa values, 4.74 +0.30 <10 and 2.12 +0.56 %107
pm* for hPD-L1 and hPD-L2, respectively, are similar or higher than that of TCR

interacting with potent cognate pMHC (2.4 0.2 <10 pm* for OT-I TCR-H2-KP:OVA
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[10]) or strong interactions between high affinity LFA-1 and ICAM-1 (3.30 £0.62 <107

4
pm?) [122].
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Figure 4.1: Comparison of 2D and 3D kinetics of human PD-1 ligand interactions. A)
— B) Adhesion frequency curves of CHO cells expressing hPD-1 tested against RBCs
coated with hPD-L1 (A) or hPD-L2 (B). Each curve represents an independent
measurement with different receptor and ligand densities. C) — E) 2D effective affinity
(AcKa,, C), 2D off-rate (kot, D) and 2D on-rate (Ackon, E) were derived from data shown in
A) and B) using Egs. 1, 2 and 3. The corresponding 3D kinetics were replotted based on
the previous study using the same protein constructs [18]. Data represent mean =SEM.

The higher 2D affinity of PD-L2 than PD-L1 is caused by a slower 2D off-rate (0.30 0.07

vs 0.50 +0.03 s, Figure 4.1D) and a faster 2D on-rate (5.55 +0.23 %10 vs 2.24 +0.17

x10* pm?*s?, Figure 4.1E), both of which have the same rank order as their respective 3D
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counterparts [18]. The 2D on-rate is on a similar scale as those of P-selectin glycoprotein
ligand-1 (PSGL-1) interacting with P-selectin or L-selection, where the fast on-rates
facilities the capture and rolling of trafficking leukocytes on inflamed endothelial cells
[123]. These 2D kinetic parameters indicate stronger ligand binding for PD-1 on the cell
surface with slower off-rates and faster on-rates than previously appreciated based on 3D

measurements using cell-free systems. Our results may account, at least in part, for PD-1’s

potent inhibition of TCR signaling.
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Figure 4.2: Comparison of 2D and 3D Kinetics of murine PD-1 ligand interactions. A)
— B) Adhesion frequency curves of CHO cells expressing mPD-1 tested against RBCs
coated with mPD-L1 (A) or mPD-L2 (B). Each curve represents an independent
measurement with different receptor and ligand densities. C) — E) 2D effective affinity
(AcKa, C), 2D off-rate (kott, D) and 2D on-rate (Ackon, E) were derived from data shown in
A) and B) using Egs. 1, 2 and 3. The corresponding 3D kinetics were replotted based on
the previous study using the same protein constructs [18]. Data represent mean =SEM.

4.2.2 2D interactions of murine PD-1
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We also characterized the 2D interactions of murine PD-1 (mPD-1) expressed on
CHO cell surface with ligands coated on RBCs (Figure 4.2A & B, Table 4.1). Different
from hPD-1, mPD-1 binds to both ligands with the same 2D affinities: 1.69 +0.51 x10*
and 1.63 +0.34 %10 pm* for mPD-L1 and mPD-L2, respectively (Figure 4.2C). However,
the equal AcKa was resulted from distinct kinetic rates: mPD-1 binds to mPD-L2 with a 3-
fold Ackon, and dissociates ~3-fold faster than mPD-L1 (Figure 4.2D & E). Both 2D and
3D measurements report lower ligand binding affinities for mPD-1 than hPD-1 (Figure 4.1
& Figure 4.2) [18]. The difference in 2D AcKa is 2.65 fold for PD-1-PD-L1 but 13 fold for
PD-1-PD-L2 interactions (Figure 4.1C & Figure 4.2C). The lower 2D affinities of mPD-1
are largely due to the slower 2D on-rate for mPD-L1 (5.46 +1.33 x10° vs 2.24 +0.17 %
10* pm?s?), and to both the slower 2D on-rate (1.59 #0.40 <10 vs 5.55 +0.23 x10*

pm?s™) and faster 2D off-rate (0.97 £0.05 sec vs 0.30 #0.07 sec) for mPD-L2.

4.2.3 2D interactions of PD-L1 with B7-1

PD-L1 has been reported to interact with B7-1 and deliver inhibitory signals
bidirectionally [80, 82]. However, it remains controversial as how strong this interaction is
comparing with PD-1-PD-L1 [18, 80]. To compare their interactions on the cell surface,
we expressed hB7-1 or mB7-1 in CHO cells and tested their binding to PD-L1-coated
RBCs. B7-1 has been shown to form non-covalent dimers on the cell surface [124, 125].
For both human and murine cases, however, the monomeric binding model (Egs. 1 and 2)
was able to simultaneously fit two adhesion frequency curves generated using two sets of
molecular densities of B7-1 and PD-L1 (Figure 4.3A & B), suggesting that dimeric binding

was not supported under our experimental conditions [126].
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Figure 4.3: Comparison of 2D and 3D kinetics of human and murine B7-1-PD-L1
interactions. A) — B) Adhesion frequency curves of CHO cells expressing hB7-1 (A) or
mB7-1 (B) tested against RBCs coated with hPD-L1 or mPD-L1, respectively. Each curve
represents an independent measurement with different receptor and ligand densities. C) -
E) 2D effective affinity (AcKa, C), 2D off-rate (korr, D) and 2D on-rate (Ackon, E) were
derived from data shown in A) and B) using Egs. 1, 2 and 3. The corresponding 3D kinetics
were replotted based on the previous study using the same protein constructs [18]. Data
represent mean =SEM.

The 2D affinities are 1.21 +0.16 <10° pm* for human and 3.47 £1.25 %108 pm*
for murine following the same trend as the 3D affinities (Figure 4.3C, Table 4.1). The
higher AcKa for hB7-1-hPD-L1 is largely driven by its 8.3 fold faster 2D on-rate, although
its dissociation is more rapid as well (Figure 4.3D & E). Interestingly, B7-1-PD-L1
interactions are much weaker than PD-1-PD-L1 interactions, with a 37- and 49-fold AcKa
differences for human and murine, respectively. The differences in 2D parameters are

much more profound than those previously estimated by SPR experiment [18], suggesting

B7-1-PD-L1 interactions are not favored in the native cellular environment. Consistent
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with this, mPD-L1-coated RBCs generated an adhesion frequency of above 50% when
tested against activated CD8" T cells from WT P14 mice, whereas negligible level of

binding to cells from PD-1 KO P14 mice, despite the significant level of B7-1 expressed

by both cells.
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Figure 4.4: Comparison of 2D and 3D kinetics of human B7-1-CD28 and B7-1-
CTLA-4 interactions. A) — B) Adhesion frequency curves of CHO cells expressing hB7-
1 tested against RBCs coated with hCD28-Fc (A) or hCTLA-4-Fc (B). Each curve
represents an independent measurement with different receptor and ligand densities. C) —
E) 2D effective affinity (AcKa, C), 2D off-rate (Ko, D) and 2D on-rate (Ackon, E) were
derived from data shown in A) and B) using Egs. 1, 2 and 3. The corresponding 3D Kinetics
were replotted based on the previous study using the same protein constructs [83]. Data
represent mean =SEM.
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Table 4.1: Summary of 2D kinetic parameters.

CHO Purified 2D AcKa (pm?) Kot (57%) 2D AcKon (m?s?)
hPD-1 hPD-L1 4.74 +0.30 <10 0.50 +£0.03 2.24 +£0.17 x10*
hPD-1 hPD-L2 2.12 +0.56 <1073 0.30 +=0.07 5.55 +0.23 <10
hB7-1 hPD-L1 1.21 +0.16 x10° 1.31 +0.35 1.52 +0.22 x10°

hB7-1 hCD28-Fc 2.68 +0.05 %10 1.41 +0.20 3.78 £0.53 x<10*
hB7-1 hCTLA-4-Fc  1.63 £0.21 x10% 0.70 +=0.02 1.13 +0.001 %10
mPD-1 mPD-L1 1.69 +0.51 x10* 0.33 +0.02 5.46 +1.33 x10°
mPD-1 mPD-L2 1.63 +0.34 x10* 0.97 +£0.05 1.59 +0.40 x10*
mB7-1 mPD-L1 3.47 £1.25 x<10°® 0.51 +0.03 1.84 +0.74 x10°

4.2.4 2D interactions of human B7-1 with CD28 and CTLA-4

To better orient the 2D kinetics of the PD-1 ligand interactions, we analyzed the
2D interactions of hB7-1 with CD28 and CTLA-4, the most well studied interactions in the
B7-CD28 family (Figure 4.4). One of the key mechanisms of CTLA-4 inhibiting T cell
activation and function is via competing with CD28 in ligand binding and even depleting
the ligand via trans-endocytosis [25]. The kinetic basis is manifested as the 10-fold higher
3D affinity for B7-1-CTLA-4 [83], which is further enhanced by the dimeric binding on
the cell membrane [77, 127]. The 2D affinities follow the same trend, but display a 2-log
difference (2.68 +0.05 <10 vs 1.63 +0.21 <102 pm*). Given that low densities of B7-1
were used to reduce dimerization on membrane, the much larger difference in 2D affinity
vs 3D affinity suggests the 2D binding of these two interactions are differentially regulated
by the cellular environment. While the difference in 3D affinity was largely attributed to
the smaller kot of B7-1-CTLA-4, the 2D off-rates are different by only 2-fold. Instead, the

2D on-rate of B7-1-CTLA-4 is 50-fold higher than that of that of B7-1-CD28 (1.13 +0.001
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x102 vs 3.78 £0.53 x10* pm*s™), accounting for the 2-log higher 2D affinity of CTLA-

4.

4.3 Discussion

The critical role of PD-1 in maintaining peripheral T-cell tolerance and its key
suppressive effect on exhausted T cells have made it a promising therapeutic targets for
restoring T cell functions in a wide range of cancer and infectious diseases. To better
understand the biological and biophysical mechanism underlying PD-1 or PD-L1 blockade,
a spatiotemporal map of the molecular interactions involved is needed with particular focus
on their kinetic properties in the cellular context, which have not been reported previously.
We and others have shown in multiple molecular systems dramatic differences in binding
kinetics measured in solution (3D) comparing with those of molecules expressed on the
native cell membrane. For example, the 2D kinetics of TCR—pMHC spread a much wider
dynamic range than 3D kinetics and correlate better with the functional potency of the
PMHCs [10, 13, 119-121]. They are also sensitive to perturbations of the cellular
environment such as inhibition of actin polymerization with Latrunculin A or disruption of
membrane microdomains with cholesterol oxidase [10, 118]. Interestingly, we found in
this study a fair agreement in trend between 2D and 3D kinetic parameters in comparing
the two ligands interacting with PD-1 for both human and murine species. This is possibly
due to the relatively simple structures — the PD-1 ectodomain consists of a single gV
domain and the ligands of an IgV and an 1gC domain. In contrast, the TCR is a heterodimer
of two immunoglobulin chains with non-covalent coupling to CD3 subunits through
multiple interfaces, and thus its ligand-binding would be presumably more susceptible to

regulations on the whole complex.
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The 3D measurements of the dimeric PD-1-PD-ligand interactions using SPR
display Kq values ranging from 0.01 piM to 0.8 UM [79-82], whereas the Kq for monomeric
interactions were reported to be 2-8 UM [18]. Different from the weak binding properties
revealed by the 3D measurements, our results identify PD-1-PD-ligand interactions in the
middle if not the strong category. The overall effective 2D affinities of the four interactions
(two ligands and two species) are comparable to that of TCR interacting with agonist
pMHC, and that of strong interactions between LFA-1 and ICAM-1 (Figure 4.5). The
relatively high 2D affinities are largely attributed to the fast on-rates, which lie in the
similar tier of fast interactions like PSGL-1 with P-selectin or L-selection that facilitates
leucocyte capture and rolling on vascular surface. Such enhanced 2D interactions provide
a better kinetic basis for the potent inhibitory signaling these interactions trigger.

Interestingly, we found distinct binding kinetics for human vs murine interactions,
as well as for PD-L1 vs PD-L2 of both species, which were also revealed by 3D studies
[18, 79, 81]. These differential binding properties might be related to the structural
differences reported earlier. Human PD-1 has a different positioning of the FG loop and
also replaces the C”’ stand with a flexible loop - both regions contribute to ligand binding
as shown by NMR structure [18]. The recent structure of hPD-1-hPD-L1 complex further
shows significant plasticity associate with the ligand binding of hPD-1 — the CC’ loop that
adopts an open conformation in apo-hPD-1 closes upon binding to hPD-L1, while the CC’
loop of apo-mPD-1 already displays a close conformation [78]. Also, the two ligands may
bind to the same receptor with distinct physical basis. Thermodynamic analysis reveal an
entropically driven process for hPD-1-hPD-L1 binding, whereas a large enthalpic term for

hPD-1-hPD-L2 interaction [18]. In addition to the distinct expression patterns of the two
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ligands, the differences in binding kinetics provide another regulatory mechanism for their
differential functions in vivo.

The discovery of B7-1-PD-L1 interaction further complicated the efforts to
delineate the biophysical interactions and the biological functions of all the molecules
involved, as both PD-L1 and B7-1 are found to be expressed on activated T cells as well
as the opposing antigen-presenting cells. It has be shown functionally that B7-1-PD-L1
engagement triggers bidirectional inhibitory signaling and limits potentially pathogenic
self-reactive T cell responses in a diabetic mouse model [82, 85]. The biophysical nature
of this interaction remains controversial: early studies using dimeric proteins reporting
similar binding avidity to that of PD-1-PD-L1 binding, whereas monomeric affinity was
measured much lower [18, 80, 82]. Here our results show that the 2D AcKa of B7-1-PD-
L1 binding is about 37-49 fold, 20-fold, or 3-log lower than that of PD-1-PD-L1 binding,
B7-1-CD28 binding, or B7-1-CTLA-4 binding, respectively. The weak 2D affinity
presumably partially accounts for its mild function in vivo.

Comparing the 2D vs 3D affinities of the PD-1/PD-1 ligands/B7-1 system in this
study also reveals the differential regulation of 2D interactions for various molecules by
the cellular environment. Figure 4.5 summarizes the corresponding 2D and 3D affinities
with the dotted line representing the transformation between 2D and 3D with certain
confinement region ¢ according to the Bell model [128]. A smaller confinement region
indicates more enhancement in 2D binding. Interestingly, all four PD-1 ligand interactions
lie along the line of 6 = 3 um, suggesting a consistent level of enhancement of 2D binding.
In contrast, there’s more enhancement for B7-1-CTLA-4 than B7-1-CD28 (6 <3 um vs ¢

> 10 pm), further strengthening the kinetic basis of CTLA-4 inhibition via ligand
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competition. Finally, the B7-1-PD-L1 interactions show the least enhancement with much

lower 2D affinity on the list, again implying less favorable interactions in vivo.
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CHAPTER 5
PD-1 SUPPRESSES T-CELL ANTIGEN RECOGNITION BY
DISRUPTING THE TCR-CD8 COOPERATIVE BINDING TO

COGNATE PMHC

5.1 Introduction

Despite the success of targeting PD-1 in modulating T cell functions, the
mechanism of how PD-1 suppresses antigen-specific T cell responses is not fully resolved.
The major part of our current understanding includes the phosphorylation of the ITIM and
ITSM when PD-1 and TCR are co-engaged with their respective ligands, the subsequent
recruitment of SHP-1 and/or SHP-2, and the dephosphorylation of a panel of signaling
molecules downstream of TCR and CD28 [41, 67-70]. The inhibition is suggested to be
fast and early: SHP-2 recruitment to PD-1 was detected in AND T hybridomas within 8
sec following stimulation by MCCgs.103 pulsed DC-1 cells [69]; PD-1 inhibits the
phosphorylation of CD3{ and ZAP-70 [68, 69], one of the immediate steps following TCR
triggering. Yet, it remains unknown whether PD-1 negative signaling could perturb the
first layer of the activating signal — antigen recognition.

Antigen recognition by the TCR initiates the signaling cascades leading to T cell
activation and its effector functions, a process that depends on the two-dimensional (2D)
kinetics of TCR—pMHC interactions, as well as the bond dynamics under force [10, 13,
115, 119, 120]. Such 2D interactions are subjected to the regulation of cellular
environment, providing the first layer of regulation of antigen recognition [10, 118, 120].

Moreover, enhancement brought by co-receptor engagement with pMHC is required for
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the full-strength interaction and function [15, 129]. In particular, whereas CD8—pMHC
alone displays a weak 2D affinity [9], the contribution of TCR-CD8-pMHC trimolecular
interaction through cooperation between TCR and CD8 is significant and is correlated with
the enhancement in cytokine production [12, 13]. More importantly, such cooperative
binding is induced by the initial TCR signaling and Lck [12, 14], suggesting it as an
adjustable process susceptible to perturbations of the TCR proximal signaling components
involved.

Here using activated T cells, we confirmed the TCR—CD8 cooperative binding-
induced enhancement of bond number and bond lifetime, which was eliminated when CD8
binding to MHC was abolished or Lck was inhibited. When TCR—CD8 and PD-1 were co-
engaged with their respective ligands, we observed fewer molecular bonds than predicted
from independent binding of the two groups, a phenomenon similar to “negative
cooperativity”. The reduction in bond number is associated with more occurrence of short-
lived than long-lived bond lifetime events, corresponding to the distinct force-lifetime
response of PD-1 and TCR-CD8-pMHC, respectively, as revealed by force spectroscopy.
Moreover, the negative cooperativity shown in bond number and bond lifetime became
absent without CD8 binding or with Lck inhibition, suggesting that the negative
cooperativity represents the suppression of the positive cooperative binding of TCR and
CD8 to cognate pMHC. Furthermore, perturbing the signaling components downstream of
PD-1 demonstrated that the suppression depends on SHP-2 activity. These data reveal a
new mechanism of fine-tuning antigen recognition by PD-1 via a “binding-signaling-

binding” process targeting the enhancement by CD8.
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5.2 Results

5.2.1 Reduced formation of molecular bonds (negative cooperativity) with co-
engagement of TCR, CD8 and PD-1

Previous work from our lab has demonstrated the cooperative binding of TCR and
CD8 to cognate pMHC in nawe T cells, which manifests as a step increase in binding of
OT-1 T cells to H2-KP:OVA coated RBCs at contact duration of 1 sec and longer [12]. The
gain of binding corresponds to the formation of TCR—CD8-pMHC trimolecular bond, and
depends on the initial triggering of TCR as well as Src family kinase, Lck and/or Fyn [12].
To analyze the potential interplay between activating (TCR-CD8-pMHC) and inhibitory
(PD-1-PD-L1) interactions on activated T cells, we started from characterizing the 2D
interactions of single species and comparing their capacity of bond formation, which is the
total bond number normalized by the product of receptor and ligand densities representing
the approximate of 2D affinity/avidity at plateau. Using activated OT-I T cells, we
observed more bonds formed with wild type H2-KP:OVA than with a3A2 H2-KP:OVA, a
mutant with its a3 domain replaced by that of HLA-A2 and thus abolishes CD8 binding
(Figure 5.1A). Moreover, unlike TCR-pMHC binding alone (a3A2 H2-KP:OVA) that
plateaus at t. > 2 sec, that with CD8 binding (WT H2-KP:OVA) continues to increase with
prolonged contact duration, suggesting further enhancement on the TCR-CD8-pMHC
bond formation on activated T cells. In contrast, the 2D affinity of PD-1-PD-L1 is 7-fold
lower than that of OT-I TCR interacting with a3A2 H2-KP:OVA on activated OT-I T cells
(Figure 5.1A), which is similar as that was measured using PD-1 expressed by CHO cells.

We then analyzed binding cooperativity by coating RBCs with a mixture of pMHC

and PD-L1. The predicted total bond number is the simple sum of bonds formed by each
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species, assuming the two interactions are independent and concurrent [116, 117]. For the
mixture of a3A2 H2-KP:OVA and PD-L1, the actually measured bond number agrees well
with the prediction at both short and long contact durations, suggesting no interplay
between the TCR—pMHC and PD-1-PD-L1 at the level of receptor—ligand binding (Figure
5.1B). Similarly, co-presenting WT H2-KP:OVA and PD-L1 at contact duration of 1 sec or
shorter also shows no significant difference in total bond number between predicted and

measured. In contrast, the measured bond number is smaller than predicted at tc = 2 sec and
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5 sec, a “negative cooperativity” indicating reduced bond formation (Figure 5.1B).
Figure 5.1: 2D kinetic analysis reveals reduced bond number with the co-engagement
of TCR-CD8 and PD-1 in the OT-I/OVA system. A) Total bond number normalized by
molecular densities tested using activated OT-1 CD8" T cells against RBCs coated with
WT H2-KP:OVA (red), a3A2 H2-KP:OVA (blue), or PD-L1 (green) with various contact
durations (tc). B) Differences in average bond number between predicted and measured for
2D cooperative binding analysis using a mixture of WT H2-K”:OVA (red) and PD-L1, or
03A2 H2-KP:OVA and PD-L1 (blue).

To test if the same negative cooperativity also holds true for other TCR-CD8-
pPMHC systems, we conducted the same analysis using activated CD8" T cells from P14
transgenic mice, which recognizes H2-D° presenting gp33 peptide from LCMV. An
improved protocol that tests the same T cell against three randomized RBCs coated with

either single or mixed ligands was adopted to minimize the cell-cell variation among
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groups (Figures 5.2A & C). This also enabled comparison of predicted versus measured
bond number on a per-cell basis. Similar as in the OT-I system, P14 T cells show no
statistical difference between predicted and measured bond number at short contact
duration (tc = 0.5 sec, Figure 5.2B), but significantly reduced bond formation at long
contact duration (tc = 5 sec, Figure 5.2C). The averaged percentage of reduction is ~ 20%

at 5 sec (Figure 5.2E), which is about the same as using another ligand, PD-L2 (Figure
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Figure 5.2: 2D Kinetic analysis reveals reduced bond number with the co-engagement
of TCR-CD8 and PD-1 in the P14/gp33 system. A) & C) Representative adhesion
frequency (Pa) of individual activated P14 CD8" T cells binding to RBCs coated with WT
H2-D":gp33, PD-L1, or a mixture of WT H2-D:gp33 and PD-L1 at contact duration of 0.5
sec (A) or 5 sec (C). The same T cell tested against three types of RBCs is connected with
dashed lines. B) & D) Comparison of predicted and measured average bond number <n>
from A) and C), respectively. E) Normalized bond reduction (4<n>/<n>tota) from B) and
D). F) Normalized bond reduction from cooperativity analysis using WT H2-D:gp33 and
PD-L1vs WT H2-D":gp33 and PD-L2. For box-whisker plot, the center line labels median,
the box contains the two middle quantiles, and the whiskers mark the min and the max.
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To confirm that the reduction of bond number is mediated by PD-1 ligand
interactions instead of increased complexity of co-presentation and co-detection of both
ligands, we tested CD8" T cell from PD-1 KO P14 mice against RBCs with the same ligand
coatings as in analysis above. As expected, PD-L1 coated RBCs generated only negligible
level of binding at tc = 5 sec (Figure 5.3A), confirming the specific presentation of PD-L1
to PD-1. Moreover, no statistical significance was found between predicted and measured
bond number when PD-1-PD-L1 interaction was abolished (Figure 5.3B & C). Together
these data demonstrate a negative cooperativity between TCR, CD8, and PD-1 at the level

of molecular binding.
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Figure 5.3: The TCR-CD8 and PD-1 negative cooperativity depends on PD-1. A)
Representative adhesion frequency (Pa) of individual activated PDCD1 -/- P14 CD8" T
cells binding to RBCs coated with WT H2-D":gp33, PD-L1, or a mixture of WT H2-
DP:gp33 and PD-L1 at contact duration of 5 sec. B) Comparison of predicted and measured
average bond number <n> from A). C) Comparison of normalized bond reduction of T
cells from WT P14 vs PDCD1 -/- P14 mice.
5.2.2 The negative cooperativity depends on PD-1 negative signals

Different from the conventional binding cooperativity, where binding of a second
molecule (pair) is physically affected by that of the first molecule (pair), 2D cooperative
binding of T cell surface molecules can represent direct physical interplay on the cell

membrane, and/or inside-out regulation of molecular binding by the signaling events

downstream of these interactions (“binding-signaling-binding”). The fact that the negative
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cooperativity was observed with long contact duration suggests a temporal requirement
most likely involving the crosstalk of these two signaling axis. To test the signaling
dependency on PD-1, we perturbed the system with pharmacological inhibition of SHP-1

and SHP-2, the two major signaling candidates downstream of PD-1.
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Figure 5.4: The TCR-CD8 and PD-1 negative cooperativity is mediated by SHP-2 not
SHP-1. A) & C) Comparison of predicted and measured average bond number <n> under
treatment with 50 M PTP inhibitor | (A) or 20 M NSC87877 (C). B) & D) Comparison
of normalized bond reduction (4<n>/<n>ttal) in control vs drug treated groups.
Inhibition of SHP-1 with 50 piM PTP inhibitor | did not affect the observation of
the negative cooperativity (Figure 5.4A). There is also no significant difference in the
percentage of bond reduction comparing with DMSO control (Figure 5.4B). In contrast,
inhibiting both SHP-1 and SHP-2 with 20 M NSC87877 eliminated the negative

cooperativity by restoring the measured bond number to a similar level as predicted

(Figures 5.4C & D). Moreover, neither of the two treatments affected the 2D
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avidity/affinity of TCR-CD8 binding to pMHC or PD-1 binding to PD-L1 alone, as
assessed from RBCs coated with individual ligand species (Figure 5.5). Therefore, the
negative cooperativity is more likely to be a “binding-signaling-binding” process, which at

least in part, relies on the PD-1 negative signaling mediated by SHP-2.
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Figure 5.5: TCR-CD8 binding to pMHC and PD-1 binding to PD-L1 were not
affected by SHP-1 or SHP-2 inhibition. A) & C) Normalized bond number
<n>/mrcrmpmHc for TCR-CD8-pMHC interactions in control vs drug-treated groups. B)
& D) Normalized bond number <n>/mpp.1mpp-L1 for PD-1-PD-L1 interactions in control

vs drug-treated groups.

The initiation of PD-1 signaling depends on the phosphorylation of its ITIM and/or
ITSM [67, 68], possibly by Src family kinases, such as Lck and Fyn. The phosphorylation
and subsequent SHP-2 recruitment can be greatly enhanced with the presence of TCR
activating signals, reflecting the negative feedback nature of the PD-1 pathway. To block
the activating input, we inhibited Lck with 2 pM 7-Cyclopentyl-5-(4-phenoxyphenyl)-7H-
pyrrolo[2,3-d]pyrimidin-4-ylamine. This treatment abolished the difference between

predicted and measured bond number and thus eliminated the negative cooperativity
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(Figures 5.6A & B). Moreover, inhibition of Lck reduced T cell binding to WT H2-
Db:gp33 by ~47%, while leaving PD-1-PD-L1 binding unaffected (Figures 5.6C & D).
This is consistent with our previous observation that TCR-CD8 cooperative binding to
cognate pMHC is Lck and/or Fyn dependent. Therefore, the elimination of negative
cooperativity by Lck inhibition could be attributed to either the impaired positive input on
PD-1, or the reduced TCR-CD8-pMHC trimolecular bonds, or both.
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Figure 5.6: The TCR-CD8 and PD-1 negative cooperativity depends on Lck activity.
A) Predicted vs measured average bond number <n> with Lck inhibition. B) Normalized
bond reduction (4<n>/<n>ttal) in control vs drug-treated group. C) & D) Normalized
bond number <n>/mym; for TCR-CD8-pMHC (C) and PD-PD-L1 (D) interactions in
control and drug-treated groups.
5.2.3 The negative cooperativity depends on CD8 binding to pMHC

The absence of negative cooperativity when using 03A2 H2-KP:OVA or inhibiting
Lck suggests an underlying mechanism involving CD8—pMHC binding, and especially the

TCR-CD8-pMHC trimolecular bond formation. To confirm this, we analyzed the binding
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cooperativity using P14 T cells and a3A2 H2-DP:gp33, the same mutation that abolishes
CD8 binding (Figure 5.7). The normalized bond number was reduced by ~57% comparing
to using WT H2-D’:gp33, further confirming the significant contribution of TCR-CD8-
pMHC in the total number of bonds formed (Figure 5.7A). Similar as in the OT-I system,

negative cooperativity was not observed with the mutant H2-DP (Figures 5.7B & C).
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Figure 5.7: The negative cooperativity is eliminated when CD8—pMHC interaction is
abolished. A) Normalized bond number <n>/mrcrmpmrc measured from using WT H2-
D":gp33 vs a3A2 H2-DP:gp33. B) Predicted vs measured average bond number <n> in
binding cooperativity analysis of a3A2 H2-D":gp33 and PD-L1. C) Comparison of
normalized bond reduction (4<n>/<n>tta) In cooperativity analysis using WT H2-
DP:gp33 and PD-L1 vs 03A2 H2-DP:gp33 and PD-L1.

5.2.4 Force spectroscopy reveals distinct force-lifetime responses of TCR-pMHC,
TCR-CD8-pMHC and PD-1-PD-L1 bonds of the P14/gp33 system

Although the dependence of negative cooperativity on PD-1, CD8—-pMHC binding,
and the positive and negative signaling was confirmed, the detailed mechanism is masked
by the incapability of the binding frequency-based analysis to dissect the molecular bonds
involved. To improve the resolution, we applied biomembrane force probe-based force
spectroscopic analysis, where additional bond signatures (e.g. force-lifetime response) are

examined [115, 119, 130]. Similar as in the cooperativity analysis of bond number, force-
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lifetime responses of individual interactions were characterized first with beads presenting

single ligand species.
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Figure 5.8: Force spectroscopy reveals distinct force-lifetime responses of TCR-
pMHC, TCR-CD8-pMHC and PD-1-PD-L1 bonds of the P14/gp33 system. A) Force-
lifetime spectra of PD-1-PD-L1, P14 TCR-a3A2 H2-D:gp33 and P14 TCR-WT H2-
D":gp33 molecular bonds with or without Lck inhibition measured using biomembrane
force probe. B) Bond lifetime distributions of the molecular interactions in A) at 3 pN.
The overall lifetime response to forces applied on single P14 TCR—a3A2 H2-
DP:gp33 bonds displays a monotonic decay with increasing force level ranging from ~1 pN
to ~25pN (Figure 5.8A). The average bond lifetime is 0.70 sec at a mean clamping force
of ~3 pN. Comparing with this TCR-pMHC interaction alone, adding CD8 binding by
using the WT H2-DP:gp33 significantly prolongs bond lifetime especially at low forces
(1.48 sec vs 0.70 sec at 3pN, Figure 5.8A), which corresponds to the shift of the histogram
towards longer lifetime (Figure 5.8B). The mean lifetime in this case represents the
weighted sum of three bond species: TCR—pMHC, CD8-pMHC, and TCR-CD8-pMHC,
with the weight determined by their binding kinetics and molecular densities. Since the 2D
affinity of CD8 binding to H2-D" is 4 logs lower than that of P14 TCR-a3A2 H2-D":gp33,
its contribution to the overall mean lifetime is negligible. This is further supported by the

observation that Lck inhibition reduced the bond lifetime to the level of P14 TCR—a3A2

H2-DP:gp33 interaction alone, as shown in both the identical mean lifetimes across multiple
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levels of force, as well as the overlapping histogram at 3 pN. Assuming a ~1:1 mixture of
TCR—pMHC and TCR-CD8-pMHC bonds as suggested by the kinetic measurement in the
binding frequency assay, the mean lifetime of TCR—CD8-pMHC trimolecular bond at 3
pN is estimated to be ~2.26 sec, a great enhancement (>3 fold) of the TCR—pMHC
interaction alone. Overall, the enhancement decreases with increasing force, suggesting the
dominancy of TCR—pMHC dissociation in the rupture of the trimolecular bonds. In sharp
contrast, the bond lifetime for PD-1-PD-L1 is much shorter than that of P14 TCR-03A2
H2-DP:gp33 across a range of forces, with the largest differences seen at low forces (0.08
sec vs 0.70 sec at 3 pN, Figure 5.8A). Such force-lifetime responses would serve as ideal
signatures to estimate the altered occurrence of short vs long bond lifetime events in the

case where both ligands are allowed to engage.
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Figure 5.9: The average bond lifetime is reduced when PD-L1 is co-engaged with WT
H2-DP:gp33 not the a3A2 mutant. Predicted vs measured average bond lifetime <t> (A,

52



B, & C) and their distributions (D, E, & F) at 3 pN in binding cooperativity analysis of the
interactions indicated. Data are presented as mean =SEM.

5.2.5 Force-lifetime spectroscopy reveals TCR-CD8-pMHC as the missing bond
species

We then extended the cooperativity analysis to the lifetime events collected with
mixture coating. Similar as in the bond number cooperativity analysis, the predicted mean
bond lifetime (distribution) is the weight sum of bond lifetimes (distributions) from single
ligand presentation assuming the occurrence of each receptor-ligand species does not affect
the other(s). Therefore, altered fractions of mixed long and short bond species is
discernable from the changes in the measured mean lifetime (distribution) comparing with
prediction. Indeed, when WT H2-DP:gp33 and PD-L1 were mixed giving a bond ratio of
29% vs 71% as determined by their binding kinetics and molecular densities, the measured
mean lifetimes are significantly shorter than predicted ones (0.45 sec vs 0.22 sec at 3 pN,
and 0.30 sec vs 0.19 sec at 6 pN, Figure 5.9A). The histogram of measured lifetime events
were also left-shifted comparing to the predicted distribution (Figure 5.9D). Considering
the dramatic lifetime differences of the bond species involved, the reduced mean bond
lifetime suggests that the actual fraction of long lifetime events (TCR—pMHC and/or TCR-
CD8-pMHC) is lower than the predicted. Applying the same analysis to the mixture of
03A2 H2-DP:gp33 and PD-L1 shows no significant difference between predicted and
measure mean bond lifetimes or their distributions (Figures 5.9B & E), implying that the
reduced fraction of long lifetime events is most likely attributed to the TCR-CD8-pMHC
trimolecular bonds. This is further supported by co-presentation of WT H2-D®:gp33 and
PD-L1 with Lck inhibition. Consistent with its abolishment of TCR-CD8-pMHC

trimolecular bond formation and the negative cooperativity in bond number, the differences
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in mean bond lifetime and lifetime distributions are also eliminated (Figures 5.9C & F).
Together, these data further reveal that the cooperative binding of TCR and CD8 to pMHC

is suppressed with the co-engagement of PD-1 by PD-L1.

5.3 Discussion

Lying in the center of T-cell activation is the triggering of TCR by antigenic
peptide-bound MHC, which, according to our and others’ studies, is largely determined by
the in situ kinetic and mechanical properties of this interaction [10, 13, 115, 119, 120].
However, the balance between its sensitivity and robustness embedded in the molecular
structures at single receptor level is insufficient to achieve the nearly perfect solution
optimized over evolution, as atomicity of single receptors is subjected to various
perturbations/noise that could easily overwhelm the default kinetic and mechanical modes.
Therefore, collective behaviors are required to process the information flow with entangled
crosstalk. CD8, as a co-receptor of TCR in pMHC binding, is one of such key coordinated
events in TCR triggering, and also one of the earliest [11, 129]. CD8 binding stabilizes
TCR-pMHC interaction and also brings Lck to the proximity of TCR-CD3 complex,
which amplifies TCR signaling [129, 131]. In a finer temporal resolution, this event is a
consequence of the initial TCR triggering: it displays a positive cooperativity depending
on TCR—-pMHC interaction and Lck activities [12, 13]. In this study, we have recapitulated
this cooperative binding using activated CD8" OT-I and P14 T cells. The enhancement
manifests as ~1-fold increase in average bond number and ~2-fold increase in average bond
lifetime, both were eliminated under Lck inhibition. Such signaling-dependent
enhancement is wired to TCR antigen recognition as a significant component subject to the

potential regulations of costimulatory/coinhibitory signals from other pathways.

54



Albeit the promising outcome of targeting PD-1-PD-L1 in treating tumor and other
diseases [33, 42], the fundamental mechanisms of PD-1 function remain unclear. Previous
studies reveal the essential role of the phosphorylation of its ITSM and the subsequent
recruitment of SHP-1 and SHP-2, which attenuates the TCR signaling by
dephosphorylating a panel of its downstream signaling molecules [41, 67-69], and thereby
suppresses the overall cellular function, such as proliferation and cytokine production [59].
In this study, we further analyzed such interplay at the level of ligand binding and observed
reduced bond formation when PD-1 and TCR—CD8 were co-engaged with their respective
ligand, an apparent “negative cooperativity”. By using PD-1 KO P14 T cells while keeping
the same ligand complexity of RBC coating, we confirmed that the negative cooperativity
is mediated by the PD-1-PD-L1 interaction. Moreover, it also depends on the engagement
of CD8 by pMHC, according to its absence when CD8 binding to pMHC was abolished by
either using a3A2 mutant MHC or Lck inhibition. To further dissect the underlying
mechanism, we applied force spectroscopic analysis of single bonds from individual
interactions and mixed interactions. Quite surprisingly, dramatic differences were observed
in their force-bond lifetime responses: 0.08 sec@3 pN for PD-1-PD-L1 vs 0.70 sec @ 3
pN for P14 TCR—03A2 H2-DP:gp33 vs 1.48 sec @ 3 pN with additional CD8 contribution.
Cooperativity analysis of average bond lifetime reveals that the fraction of long lifetime
events became lower than predicted when PD-1 and TCR-CD8 were co-engaged, but
unaffected when CD8 contribution was abolished by mutant MHC or Lck inhibition. The
skewed occurrence of more short lifetime events suggests the suppression of TCR—-CD8-

pMHC trimolecular interaction by PD-1.
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It has been suggested that PD-1 inhibition of TCR signaling occurs at very early
stage with fast responses. PD-1 suppresses the CD3( phosphorylation and ZAP-70
microcluster formation and its phosphorylation [68, 69, 132], the upstream signaling steps
that could be detected within 10 sec upon TCR stimulation [133]. Co-localization of PD-1
to TCR microclusters was observed at as early as 20 sec following AND-Tg CD4" T cells
landing onto lipid bilayer containing both I-EX:MCCsgs-103 and PD-L1 [69]. The recruitment
of SHP-2 by PD-1 was also detected at 8 sec upon DC stimulation [69]. These events shed
light to the spatiotemporal pattern of the upstream negative regulation of the TCR pathway
by PD-1. Considering the very short experimental timescale precisely controlled to the
initiation and early accumulation of positive and negative signals, the negative
cooperativity between PD-1 and TCR-CD8 represents an immediate feedback circuit
targeting the very first step of T cell activation — the antigen recognition. The mechanism
of this suppression, which is partially uncovered by this study as SHP-2 dependent, still
remain elusive. A key target in the proximal signalosome might be Lck, whose activity is
highly variable among auto-inhibited, primed, and activated states, and whose localization
is dynamically transited among cytosol, membrane-associated pool and co-receptor-
associated pool [134]. We have reported that the TCR—CD8 cooperative binding not only
depends on Lck enzymatic activity, but its association with CD8 as well [14]. Moreover,
the TCR—CD8 cooperative binding is also associated with the recruitment of CD8 to TCR—
CD3 [14]. Therefore, one possible explanation involves 1) initial TCR triggering and
signaling involving non-CD8 associated Lck, 2) activation of CD8-associated Lck (and
other signaling/adaptor molecules) and/or binding of activated Lck to CD8, 3) translocation

of CD8 to CD3 via Lck bridge that allows for its engagement with MHC with high affinity,
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and 4) SHP-2 mediated PD-1 negative signals suppress this process by dephosphorylating
Lck or CD3 ITAMs. It is unlikely that colocalization of PD-1 and TCR-CDS8 is required,
since PD-1 suppression was observed with both diffusible and immobilized ligand, and
also very low level of PD-1 expression is able to suppress the TCR-triggered Ca?* flux and
cytokine production [75]. From a Kinetic perspective it is an efficient and safe means of
suppression, because decreasing the capability of CD8 binding could significantly reduce
the quantity (bond number) and quality (bond lifetime) of antigen stimulation, but still keep
the TCR-determined specificity unaffected. Biologically, this represents a new mechanism
of PD-1 function and an example of fine-tuning of antigen recognition via a “binding-
signaling-binding” process integrating positive and negative signals triggered by TCR and

coinhibitory receptors, respectively.
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CHAPTER 6
IDENTIFICATION OF CD222 AS A NOVEL BINDING PARTNER

FOR HUMAN PD-L1

6.1 Introduction

It has long been proposed that PD-L1 and PD-L2 may have additional receptors
other than PD-1. Back to as early as their discoveries, PD-L1 and PD-L2 were reported to
have both costimulatory [34, 39] and coinhibitory [35, 38] functions. As increasing
evidences indicating the coinhibitory role of PD-1 on T cells and B cells [41, 135, 136],
the costimulatory functions were attributed to interactions of these two ligands with
unknown molecules, a hypothesis strongly supported by the fact that mutant forms of PD-
L1 or PD-L2 that fail to interact with PD-1 can still costimulate T cells from normal or PD-
1-deficient mice [48]. Hunting for tentative binding partners ever since has added new
members and interactions to the B7-CD28 family. Interaction between PD-L1 and B7-1
was reported to deliver bidirectional inhibitory signals to T cells, which was also a result
of searching for additional receptors of B7-1/B7-2 [82]. Bioinformatics analysis for PD-1
homologs lead to the discovery of PD-1H [137] (also named VISTA in an independent
finding [138]), although it does not interact with either PD-L1 or PD-L2. The most recent
one was PD-L2 binding to RGMb, an interaction promotes respiratory tolerance by
facilitating the initial T cell expansion in draining lymph nodes [86].

In this study, we discovered unknown molecule(s) on PD-1 and B7-1 negative cells
that bind to hPD-L1 but not hPD-L2, which was then identified and validated to be CD222.
Interaction between hPD-L1 and CD222 consists of both carbohydrate-lectin binding and

protein-protein binding components with the apparent 3D affinity and 2D avidity both
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stronger than that of hPD-L1-PD-1. Most importantly, direct competition between CD222
and PD-1 was observed for hPD-L1 binding, suggesting a potential role of CD222 in
modulating the PD-1-hPD-L1 axis. This novel interaction will lead to vast opportunities
to explore its functions in various cell types and context, especially in cancer

immunotherapy, where the interaction could be blocked by anti-PD-L1 therapeutic

antibodies.
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Figure 6.1: Specific binding between hPD-L1 and Jurkat cells is independent of PD-
1 or B7-1. A) Anti-PD-1 abolished PD-1 Jurkat cells binding to hPD-L2 but not hPD-L1.
B) Plain Jurkat cells (clone E6.1) binds specifically to hPD-L1. Binding was suppressed
by anti-PD-L1 but not anti-PD-1 or anti-B7-1.

6.2 Results

6.2.1 The existence of additional binding partner(s) for hPD-L1

In the 2D kinetic analysis of hPD-1-PD-ligand interactions, we detected PD-1
overexpressing Jurkat cells binding to hPD-L1 coated RBCs even with the presence of anti-
PD-1 blocking antibody, which abolished the binding between the same Jurkat cells and
hPD-L2 coated RBCs (Figure 6.1A). The hPD-L1-sepcific binding was also detected for
plain Jurkat E6.1 cells that do not express PD-1 or B7-1, and was blocked by anti-PD-L1

but not anti-PD-1 or anti-B7-1 antibodies (Figure 6.1B). The interaction was strong enough
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to be captured in staining of these two cell lines using tetramers made from biotinylated
PD-L1/PD-L2 and fluorophore-conjugated SA (Figures 6.2A & B). Tetramer staining of
other immune cell lines identified THP-1 cells but not Raji B cells showing the same

specific binding to hPD-L1, although they both express B7-1 (Figures 6.2C & D).
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Figure 6.2: hPD-L1 tetramer positively stains Jurkat, THP-1, but not Raji B cells.
Staining of Jurkat PD-1 (A), Jurkat E6.1 (B), THP-1 (C), and Raji B (D) cells with hPD-
ligand tetramer (left), anti-PD-1 (middle), or anti-B7-1 (right) antibodies.

The positive staining is unlikely resulted from the non-specific phagocytic behavior
of the cell lines, because 1) only hPD-L1 tetramer but not hPD-L2 tetramer or SA alone
shows positive staining on Jurkat and THP-1 cells, 2) hPD-L1 tetramer positive staining

does not rely on the fluorophore conjugated with SA (Figure 6.3), and 3) the fluorescence

intensity of hPD-L1 tetramer staining at 4 <€ is still significantly higher than the
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background defined by SA alone (Figure 6.4). Neither does the positive staining represent
non-physiological and non-specific stickiness of cell lines, since staining of whole blood
from healthy donor identified the entire population of CD14" monocytes with undetectable
PD-1 or B7-1 expression showing specific binding to hPD-L1 tetramer but not hPD-L2
tetramer or SA (Figure 6.5). Again, the hPD-L1 tetramer positive staining on this
population was not affected by anti-PD-1 blocking. These data suggest the existence of
additional binding partner(s) for hPD-L1 other than PD-1 and B7-1.

A B
SA

O PD-L1 Tet
[ PD-L2 Tet

[ WLLELL R A MR R T LT R i AL B i i 1
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Figure 6.3: hPD-L1 tetramer staining does not depend on fluorophore. Jurkat E6.1
cells were stained with hPD-ligand tetramers conjugated with PE (A) or APC (B).
A Jurkat E6.1 B THP-1
4°c

SA
] PD-L1 Tet

T gy LR R R |

37°C

g Ty ey

Figure 6.4 The effect of temperature on hPD-L1 tetramer staining. Jurkat E6.1 (A) or
THP-1 (B) cells were stained with hPD-L1 tetramers at 4 € (upper) and 37 € (lower).
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Figure 6.5: hPD-L1 tetramer positively stains CD14* cells in human peripheral
blood. cells were gated on lymphocyte population based on FSC vs SSC.

6.2.2 Identification of CD222 as a tentative binding partner for hPD-L1

To identify the tentative molecular interacting with hPD-L1, we conducted direct
pulldown from Jurkat membrane lysate with hPD-L1/hPD-L2 coupled SA beads. The 1%
elution of beads using low pH buffer released significant amount of protein from hPD-L1
beads but not hPD-L2, as shown by the presence of multiple bands in PD-L1 lane vs their
absence in PD-L2 lane (Figure 6.6). Most of these bands are of high molecular weight,
with the most intensive one around 270 kD. 2" elution by boiling beads in laemmli buffer
confirms the ligand coupling and also no other proteins escaped from the 1% elution (Figure
6.6). Therefore, the multiple bands in PD-L1 lane for the 1% elution most likely contain the

molecule(s) responsible for the hPD-L1 tetramer staining of Jurkat cells.
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Figure 6.6 Pulldown from Jurkat membrane lysate using hPD-L1/hPD-L2 coupled
SA beads. Crude membrane lysate of Jurkat E6.1 cells were clarified and incubated with
hPD-L1/hPD-L2 coated SA Dynabeads overnight, followed by 3x washes in lysis buffer,
1% elution with low pH buffer, and 2" elution with boiling in laemmli buffer. Eluates were
analyzed by SDS-PAGE and displayed with Sypro-ruby staining. Gel of the 1% elution was
divided into A — F segments as labeled for each lane, followed by trypsin digestion and
mass spectrometry analysis.

We then performed in-gel trypsin digestion of the PD-L1 and PD-L2 lanes each in
six sections (A-F) and analyzed the enriched peptides using LTQ OrbiTrap tandem mass
spectrometer. Searching against non-redundant database identified a series of peptide
spectrum matches, with CD222 the most significant one in PD-L1 samples but absent in
all PD-L2 samples (Figure 6.7A). The number of PSMs is the highest in section A (MW >
170 kD), and decreases as the molecular weight goes lower, a similar pattern as the
distribution of protein bands in the gel (Figures 6.6, 6.7A & B). Mapping the detected
peptides in each section to their position on the protein reveals a random pattern across the

whole length of the protein (Figure 6.7C), suggesting that the lighter bands represent at

least in part, the fragments of CD222.
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Accession Uniprot Name . .
Proteins| Peptides | PSMs A|B‘C‘D|E‘F A|B C‘D|E‘F
ENSP00000349437 CcD222 1 27 133 (66 39 23 4 1
ENSP00000370989 PD-L1 2 6 23 17 6
ENSP00000380855 PD-L2 2 2 7 4 3
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# # . . # Missed #PSM Xeorr
Sequence PSMs | Proteins Modifications MH+ [Da] Cleavages A| B‘C|D ‘ E| Fl A | B | C | D ‘ E ‘ =
LSYYDGEIQLNYR 13 1 IV7(Oxidation) 1651.77849 0 3 3 3.76 403 4.07
DGAGNSFDLSSLSR 12 1 142565047 0 6 3 2 1 40339044 431
VPIDCPPIDIGR 9 1 124860414 0 6 2 1 373367 327
YWDQWVLQLWK 9 1 1367 75701 0 413 |2 307 343 3.3
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TASSVIELTCTK 8 1 C10(Cartamidomethyl) 130966570 0 3|13 2 3.49 333 3.
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CHQAFDVGQPR 6 1 1211.59026 0 3 1(2 3.97 3@ 425
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CDEDEDIGRPQVFSEVR 3 1 C1(Carbamidomethyf) 205091680 0 2 1 425 4%
YEKDQGSFTEVVSISNLGVAK 2 1 IV19(Owidation) 231911679 1 2 443
THNGDMNYLYEIQLSSITSSR 2 1 2161.04204 0 2 542
ATUTFLCDR 2 1 C8(Carbamidomethy) 120062847 0 2 317
EKEDLLCGATDGK 1 1 C7(Carbamidomethyf) 143567497 1 1 354
WQSSIAFLCGK 1 1 CO(Carbamidomethyf) 120063017 0 1 208
TYSVGVCTFAVEPEQGGCK 1 1 C7(Carbamidomethyl), C18(Carbamidometiyl) (201691716 0 1 3.27
STAFFYCDR 1 1 CB(Carbamidomethyl) 127957732 0 1 2497
YDLSALVR 1 1 936.51439 0 1 312
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Figure 6.7: Mass spectrometry analysis identified CD222 as a tentative binding
partner for hPD-L1. A) Peptide spectrum matches of CD222, PD-L1, and PD-L2 in all
samples analyzed. B) Detailed matching parameters for each matched peptide of CD222 in
searching against non-redundant database. C) The amino acid position of each matched
CD222 peptide.

6.2.3 Validation of hPD-L1-CD222 interaction
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We first examined the CD222 surface expression on the hPD-L1 Tet" cell
lines/populations using a monoclonal antibody (clone MEM-238). Both Jurkat and THP-1
cells were stained positive for CD222 on their plasma membrane comparing with isotype
control (Figures 6.8A & B). CD222 surface staining of whole blood also matches the
pattern of hPD-L1 tetramer staining, with a nice correlation in their fluorescence intensities
on CD14" population (Figures 6.8C & D). Moreover, hPD-L1 tetramer staining were
abolished by blocking with the domain 1 — domain 9 fragment (D1-9, AA43-1365) of
recombinant CD222, but not the domain 10 — domain 13 fragment (D10-13, AA1510-
2108), suggesting the binding site(s) most likely located within D1-9 (Figure 6.9). The
interaction was further confirmed by the hPD-L1 tetramer positive staining on CHO cells
expressing hCD222-GFP. Despite the intracellular accumulation of the majority CD222-
GFP molecules, surface staining using anti-CD222 or hPD-L1 tetramer strongly correlates

with GFP expression (Figure 6.10). These data confirm CD222 as another binding partner

for hPD-L1.
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Figure 6.8: CD222 surface expression correlates with hPD-L1 tetramer staining. A) —
C) CD222 staining of Jurkat E6.1 (A), THP-1 (B), and human peripheral blood (C) using
monoclonal antibody MEM-238. D) MEM-238 staining correlates with hPD-L1 tetramer
staining on CD14" cells from (C).
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Figure 6.9: hPD-L1 tetramer staining was blocked by recombinant CD222 D1-9.
Jurkat E6.1 cells and human peripheral blood were stained with hPD-L1 tetramer without
or with the presence of CD222 D1-9, or D10-13.
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Figure 6.10: hPD-L1 binds to CD222-GFP transfected CHO cells. A) Confocal imaging

of CD222-GFP. B) & C) CD222-GFP expression correlates with surface staining using
anti-CD222 (MEM-238), or hPD-L1 tetramer.

6.2.4 3D and 2D binding kinetics of hPD-L1-CD222

We then performed SPR analysis to characterize the 3D affinity and kinetics of
hPD-L1-CD222 interaction. Figure 6.11A shows corrected sensorgrams of increasing
concentrations of CD222 D1-9 injected over hPD-L1 surface. The binding reaches
equilibrium within 15 s after injection and the dissociation takes ~ 10 s, indicating very fast
on and off rate. Fitting the binding-concentration curve to 1:1 Langmuir binding model
yields a Kq value of 1.07 M (Figure 6.11B). Yet, Scatchard plot suggests multivalent

binding with the two slopes translated into apparent Kq values of 1.04 pM and 0.3 M

66



(Figure 6.11C). Also, global fitting of the sensorgram curves to heterogeneous ligand
model yielded similar Kq values of 1.35 pM (Rmax = 125.9) and 0.13 pM (Rmax = 12.13),
while fitting to 1:1 binding model failed to converge. As both hPD-L1 and CD222 D1-9
are monomers (analyzed by native PAGE, data not shown), the SPR analysis suggests a
binding mode involving two sites, with the dominant one with a Kq = 1.35 M, which is 5-

fold higher than hPD-L1-PD-1 (Kq = 7.68 |uM) and 18-fold higher than hPD-L1-B7-1 (Kq

= 25.44 pM).
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Figure 6.11: 3D and 2D kinetics of hPD-L1-CD222 interaction. A) SPR sensorgrams
of increasing concentrations (from 50 nM to 1.6 piM) of CD222 D1-9 injected over hPD-
L1 immobilized surface. Responses of reference surface and blank solution were
subtracted. B) Nonlinear fitting for steady-state affinity analysis. C) Scatchard plot show a
two-slope pattern. D) 2D Kkinetics analysis of CD222-GFP CHO cell binding to hPD-L1
coated RBCs.

2D kinetic analysis using CD222-GFP CHO cells and hPD-L1 coated RBCs

(Figure 6.11D) reveals a 2D affinity/avidity slightly higher than hPD-L1-PD-1 (7.08 +
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0.07 <10 pm* vs 4.47 £0.30 <10 pm®). This is largely attributed to the slower 2D Ko
(0.26 st vs 0.50 st), which may partially due to the multivalent binding to the suggested

non-covalent dimers of CD222 on the plasma membrane.
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Figure 6.12 Binding site mapping with anti-PD-L1 monoclonal antibodies. CD222-
GFP CHO cells (A) or PD-1 CHO cells (B) were stained with hPD-L1 tetramer with the
presence of increasing concentration of MIH1 (1% column), MIH2 (2" column), 29E.2A3
(3" column), and 1B12 (4" column), as well as their respective isotype Ig. MEM-238
staining of CD222-GFP CHO cells and MIH4 staining of PD-1 CHO cells were included
as a control for surface receptor densities.

6.2.5 CD222 competes with PD-1 in PD-L1 binding

To further compare the binding sites of CD222 and PD-1 on PD-L1, we then tested
four monoclonal anti-PD-L1 antibodies their ability to block CD222 binding and also PD-
1 binding as a reference. CD222-GFP or PD-1 CHO cells were stained with hPD-L1
tetramer in the presence of various concentrations of these anti-PD-L1 antibodies or their
corresponding isotype Ig. The MFI of hPD-L1 tetramer was normalized by that of anti-
CD222 (clone MEM-238) or anti-PD-1 (clone MIH4) done under the same condition,

which serves as a baseline control for the changes in CD222 or PD-1 densities on the
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plasma membrane. Clones MIH1, MIH2, and 29E.2A3 reduced hPD-L1 tetramer binding
to CD222-GFP CHO by 50% or more at a concentration of 5 pg/ml and achieved the
maximum inhibition of ~70% (Figure 6.12A). These clones also completely abolished
hPD-L1 tetramer binding to PD-1 CHO at a concentration of 10 pg/ml (Figure 6.12B). The
fourth clone, 1B12, did not affect hPD-L1 tetramer binding to either of the CHO cells. The
coincidence of blocking effects by the same antibodies implies close or overlapping regions
on hPD-L1 are involved in binding to CD222 and PD-1.

To directly test this competitive binding model, we stained CD222-GFP CHO cells
with hPD-L1 tetramer in the presence of various concentrations of PD-1-Fc chimeric
protein or isotype Ig. As expected, hPD-L1 tetramer binding to CD222 CHO cells was
reduced by 40% at a PD-1-Fc concentration as low as 1 pg/ml with the largest reduction
of 60% at plateau (Figure 6.13A). In the opposite case, hPD-L1 tetramer staining of PD-1
CHO cells were reduced by 30% with the presence of 20 pg/ml CD222 D1-9 fragment

(Figure 6.13B), confirming the competition of PD-1 and CD222 in binding to hPD-L1.
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Figure 6.13 Competitive binding of CD222 and PD-1 to hPD-L1. A) CD222-GFP CHO
cells were stained with hPD-L1 tetramer or MEM-238 in the presence of increasing
concentration of PD-1-Fc or control Ig. B) PD-1 CHO cells were stained with hPD-L1
tetramer in the presence of CD222 D1-9 fragment.
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Figure 6.14: hPD-L1 binding to CD222 is largely influenced by its N-glycans. A)
Validation of hPD-L1 deglycosylation by PNGase F treatment for 3.5 hr. Samples were
analyzed by SDS-PAGE followed by coomassie blue staining. Native hPD-L1 were used
except for the denatured sample. B) Tetramer staining of CD222-GFP CHO cells using
untreated or PNGase F treated hPD-L1.

6.2.6 hPD-L1 binding to CD222 is largely influenced by its N-glycans

The residual binding between hPD-L1 and CD222 with the presence of anti-PD-L1
antibodies or PD-1-Fc suggests other components contributing significantly to hPD-L1-
CD222 interaction. CD222 is known to bind multiple ligands falling into two categories:
MG6P containing ligand (e.g. TGF-B1 precursor and granzyme B) and non-M6P containing
ligand (e.g. IGF-Il and uPAR). The binding of M6P containing ligands is mediated by the
two high-affinity binding sites on domain 3 and 9, as well as a low-affinity binding site on
domain 5. Non-M6P ligand binding was found on domain 11 and 13 for IGF-11 and domain
1 for plasminogen/uPAR [87, 139]. Our results showing hPD-L1 binds to CD222 D1-9 not
D10-13 implies potential involvement of the M6P moiety or related glycan structures in
this interaction. To examine whether the N-glycans of hPD-L1 would impact its binding to
CD222, we treated native hPD-L1 with PNGase F for 6.5 hr at 37 <€, which reduced its

molecular weight from ~35 kD to ~27 kD with a sharper band reflecting a more
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homogeneous composition (Figure 6.14A). No difference was found in terms of molecular
weight or band pattern comparing PNGase F treated native vs denatured hPD-L1,
confirming the complete removal of N-glycans from the native protein. Tetramer staining
using PNGase F treated hPD-L1 largely reduced the fluorescence intensity but did not
completely abolish it (Figure 6.14B), suggesting that N-glycosylation or possibly the M6P

moieties of hPD-L1 greatly influences its binding to CD222.

6.2.7 Dual binding site model for hPD-L1-CD222

The fact that either anti-PD-L1 blocking or PNGase F treatment of hPD-L1 reduced
but did not abolish binding suggests a binding mode involving these two components. A
detailed visualization of PD-L1 structure demonstrates the distant distribution of PD-1
binding site and the N-glycosylation sites: 3 of the 4 N-glycosylation sites on hPD-L1 are
located in the 1gC domain, while the only one on IgV domain is on the opposite side of the
hPD-L1-PD-1 binding site (Figure 6.15A). Such distant distribution presumably excludes
possibilities where reduced hPD-L1 binding by one perturbation is a result of allosteric
effects on the other binding components, and thereby suggests a cooperation of the two
instead. To directly test this hypothesis, we stained CD222-GFP CHO cells with PNGase
F treated hPD-L1 with or without additional anti-PD-L1 blocking. Indeed, combining
PNGase F treatment with anti-PD-L1 blocking achieved the maximum level of inhibition
of hPD-L1 tetramer binding, which was close to the background staining (Figure 6.15B).
Together these data indicate a dual binding site model for hPD-L1-CD222 consisting of

both protein-protein binding and lectin-carbohydrate binding components.
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Figure 6.15: Dual binding site model for hPD-L1-CD222 interaction. A) Structure of
hPD-L1 showing the PD-1 binding site and N-glycosylation sites (green spheres). B)
Tetramer staining of CD222-GFP CHO cells using untreated or PNGase F treated hPD-L1
with or without anti-PD-L1 blocking.
6.2.8 Screening for blocking reagents targeting CD222

We then focused on CD222 side screening for antibodies and chemicals that could
block this interaction. Figure 6.16 shows hPD-L1 tetramer staining of CD222-GFP CHO
cells with the presence of various concentrations of anti-CD222 monoclonal antibodies
(clone MEM-238, NEM-239, NFN-349, and 2G11) and their respective isotype Ig. Mild
decreases in hPD-L1 tetramer staining was observed for all four antibodies tested starting

from a concentration of 1 pg/ml and reached plateaus of 20% - 40% inhibition at a

concentration of 50 pg/ml. Although the binding sites of these antibodies are not fully
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mapped, the synchronized mild inhibition of hPD-L1 tetramer staining is less likely due to
direct inhibition, but instead non-specific effects such as steric hindrance, allosteric

changes, or internalization of CD222 triggered by antibody crosslinking.
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Figure 6.16: Screening of anti-CD222 monoclonal antibodies. CD222-GFP CHO cell
were stained with hPD-L1 tetramer with the presence of increasing concentration of MEM-
238 (A), NEM-239 (B), NFN-349 (C), and 2G11 (D), as well as their respective isotype
Ig.
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Figure 6.17: Effect of NaMG6P on hPD-L1 and MEM-138 binding to CD222. A) CD22-
GFP CHO cells were stained with hPD-L1 tetramer or MEM-238 in the presence of
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increasing concentration of NaM6P. B) CD222-GFP CHO cells were stained with
increasing concentrations of MEM-238 antibody with or without 500 LM NaMG6P.

In contrast, hPD-L1 tetramer staining of CD222-GFP CHO cells was completely
abolished by NaM6P blocking with an IC50 value of 50 M at PD-L1 concentration of 50
nM (Figure 6.17A). The inhibition was not due to internalization triggered by NaM6P,
since MEM-238 antibody staining of CD222 did not decrease and was even enhanced by
50% (Figure 6.17A). One possibility for the increased MEM-238 staining is that M6P
binding to CD222 increases its surface display while directly inhibits hPD-L1 binding. Yet,
this could be ruled out by the fact that the enhancement of MEM-238 staining with
increasing NaMG6P concentration mirrors perfectly the decrease of hPD-L1 tetramer
intensity, which is unlikely attributed to processes with different Kinetics - receptor
trafficking vs receptor-ligand binding. Moreover, titration of MEM-238 staining with the
presence of 500 M NaM6P shows enhanced binding affinity (Figure 6.17B), suggesting
the better recognition of CD222 by MEM-238 as due to other factors such as NaMG6P-
induced allosteric changes of CD222 or pH changes of the buffer. Therefore, the complete
inhibition of hPD-L1-CD222 interaction with high concentration of NaM6P suggests a

disruption of interactions at both binding sites.

6.2.9 Characterization of CD222 expression on T cells

Despite the absence of CD222 on majority of cell populations but CD14*
monocytes in the whole blood staining, expression of CD222 on T cell plasma membrane
was detected upon activation [107, 140]. Given the critical role of PD-1-PD-L1 interaction
in suppressing T cell responses and the competitive binding of PD-1 and CD222, it is
important as how this newly identified interaction would add to the current understanding

of PD-1-PD-L1 in regulating T cell function.
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Figure 6.18: Expression of CD222 on activated T cell surface. A) CFSE loaded human
PBMC were activated by plate-bound anti-CD3 (clone OKT3) and stained for CD222, PD-
1, and B7-1 expression. B) Frequencies of CD222+, PD-1+, or B7-1+ cells over CD3+
upon anti-CD3 stimulation shown in (A). C) CD222, PD-1, or B7-1 MFI of CD3+
population upon anti-CD3 stimulation shown in (A).

We then set to first characterize the expression kinetics of CD222, PD-1, and B7-1
on T cell surface upon activation by plate-bound anti-CD3 (Figure 6.18). Both CD222 and
PD-1 expression was upregulated at as early as 1 day following activation, whereas B7-1
expression was slightly delayed. CD222 upregulation was associated with cell proliferation
and reached a maximum of 31% positive rate at day 3, higher than that of PD-1 (20% at
day 3) and B7-1 (10% at day 4). The MFI was also higher than that of PD-1 and B7-1 over

the 6 days with a 3-4-fold difference at day 3 (Figure 6.18C). The advantages of CD222 in
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expression and binding avidity predict significant level of hPD-L1-CD222 interaction
could exist at the surface of activated T cells, and may perturb the PD-1-PD-L1 functions

at least in part by competing for hPD-L1 binding.
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Figure 6.19: hPD-L1-CD222 failed to modulate ERK phosphorylation in Jurkat E6.1
cells. A) & B) Jurkat E6.1 cells were stimulated with soluble hPD-L1/hPD-L2 tetramer
(2.5 pg/ml), OKT3 0.1 pg/ml), or a mixture of OKT3 with hPD-L1/hPD-L2 tetramer for 4
min (A) or 6 min (B) in the absence or presence of 1 mM NaM®6P, followed by fixation
and intracellular staining of pERK. C) Jurkat E6.1 cells were stimulated with OKT3, or a
mixture of OKT3 with hPD-L1/hPD-L2 coated beads for 4 min in the absence or presence
of 1 mM NaM6P, followed by fixation and intracellular staining of pERK.

Due to the complexity of hPD-L1 interactions on activated T cell membrane and a
lack of specific and non-toxic blocking reagent for hPD-L1-CD222, studying the long term
function of hPD-L1-CD222 on activated T cells is limited. As an alternative, we tend to

focus on the short-timescale effects where PD-1 and B7-1 are absent from the plasma
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membrane, such as ERK phosphorylation of Jurkat cells. Unlike anti-CD3, stimulation of
Jurkat cells with soluble hPD-L1 or hPD-L2 tetramer alone did not affect ERK
phosphorylation at 4 min as shown by the intracellular staining of pERK (Figure 6.19A).
Also comparing with anti-CD3 stimulation alone, the percentage of pERK™ cells was
increased by 5-7% when using anti-CD3 mixed with either hPD-L1 or hPD-L2 at 4 min.
The enhancement diminished at 6 min and also could be abolished by NaM6P blocking
(Figures 6.19A & B). The fact that both hPD-L1 and hPD-L2 triggered such an
enhancement of early phosphorylation of ERK differs from the specific binding of hPD-
L1 but not hPD-L2 to Jurkat cells, and thus unlikely to be a consequence of hPD-L1-
CD222 interaction. We then further examined ERK phosphorylation under the stimulation
of immobilized anti-CD3 with or without hPD-1 ligands. However, no significant
differences were found in anti-CD3 stimulation alone vs co-stimulation with hPD-L1 or
hPD-L2 (Figure 6.19C). Together these data demonstrated that hPD-L1 binding to CD222
on Jurkat cells is unable to induce ERK phosphorylation or alter that triggered by anti-

CDa.

6.3 Discussion
The large difference (~60%) in amino acid sequence between PD-L1 and PD-L2,
as well as their distinct expression patterns, make it not surprising that overlapping but also
distinguished functions may be originated from interactions with the shared (PD-1) or
different molecules in various contexts. Indeed, B7-1 was identified to interact with PD-
L1, limiting T cell function through bidirectional inhibitory signals [82]. PD-L2 also
interacts with RGMb and plays an important role in respiratory tolerance [86]. Here we

observed the specific binding of PD-L1 but not PD-L2 to Jurkat, THP-1, and resting human
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CD14" monocytes from periphery blood that do not express PD-1. B7-1 expression is
undetectable on Jurkat cells, and is also too low on THP-1 or CD14" monocytes to generate
the strong binding we observed, according to the weak affinity of PD-L1-B7-1 interaction.
Neither was the binding affected by anti-PD-1 or anti-B7-1 blocking, suggesting the
existence of additional binding partner(s) specific for hPD-L1. Using Jurkat membrane
lysate we have successfully pulled down the target molecule with PD-L1 coated beads and
identified it to be CD222 by mass spectrometry. The interaction was further validated by
the specific binding of hPD-L1 to CD222-GFP expressing CHO cells and also to a
recombinant protein fragment (D1-9) of CD222.

The following question as how hPD-L1 and CD222 interact is critical in several
ways. First, affinity and kinetic analysis would allow the comparison with known
interactions between these molecules with other counter parts. Second, CD222 is a
multifunctional molecule binding to various ligands via either M6P or non-M6P
interactions. Determining the mode of hPD-L1-CD222 binding (sugar-lectin vs protein-
protein) would set a basis for its relevance and possible regulatory mechanisms in
physiological and pathological contexts. Finally, screening for effective blocking reagents
would enable perturbations for studies of both interaction and function. All these aspects
were covered by this study and related to hPD-L1-PD-1, which has known important
functions and clinical applications.

SPR measurement indicates that the monomeric binding of hPD-L1-CD222 is
stronger than hPD-L1-PD-1 (3D Kgq =1.07 piM vs 7.68 |uM) [18]. When expressed on CHO
cells, CD222 also shows a higher 2D avidity than PD-1(7.08 < 10 pm* vs 4.47 < 10*

pm?). This is distinct from the much lower 3D and 2D affinities of PD-L1-B7-1 interaction,
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and could argue a potentially significant interaction in vivo. Most importantly, we found a
direct competition between PD-1 and CD222 in binding to hPD-L1, further strengthening
the significance of hPD-L1-CD222 interaction. Moreover, CD222 is detected on the
surface of a higher percentage of activated T cells and also with a higher level of
expression. These results suggest that CD222 could potentially regulate T cell function at
least in part through interference with the hPD-L1-PD-1 coinhibitory signals at the level
of competing for hPD-L1 binding.

Our data also suggest that hPD-L1-CD222 interaction involves both sugar-lectin
and protein-protein binding modes. SPR analysis with immobilized hPD-L1 and soluble
CD222 D1-9 displays biphasic kinetics that failed to fit to the 1:1 Langmuir binding model.
The better fitting to the heterogeneous ligand model along with the two-slope pattern of
the Scatchard plot suggest two binding sites on hPD-L1 for CD222. Indeed, hPD-L1
tetramer binding to CD222-GFP CHO cells was largely reduced but not abolished by either
removing its N-glycans with PNGase F, or blocking with PD-1-Fc or monoclonal
antibodies that recognize the PD-L1-PD-1 binding interface. In consistency, the PD-1
bindings site on hPD-L1 and its N-glycosylation sites are distantly separated. Moreover,
PD-L1 tetramer staining of PD-1 CHO cells were not affected by PNGase F treatment.
Finally, we observed a further significant reduction in PNGase F-treated hPD-L1 tetramer
staining with anti-PD-L1 blocking. Therefore, hPD-L1-CD222 binding is more likely a
cooperative interaction of at least two binding interfaces: one is close or partially overlaps
with the hPD-L1-PD-1 binding site representing protein-protein binding; the other is
mediated by its N-glycan(s) and can work as a regulatory component for adjusting the

magnitude of hPD-L1-CD222 interaction in various cell types and contexts.
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hPD-L1 binding to CD222 is also subjected to the competition of other CD222
ligands, according to the way how the corresponding two binding interfaces are perturbed.
Of interest, hPD-L1 binding to recombinant CD222 is limited to domain 1-9, which
contains two M6P binding sites (domain 3 and 9) and one M6PGIcNAC site (domain 5)
responsible for binding of other M6P-containing ligands. One possible binding mode
consists of the docking a particular N-glycan of hPD-L1 to one of these carbohydrate
binding sites (possibly domain 3 or 5 considering the limit set by the dimension of hPD-
L1) and the IgV A’GFCC’ B-sheet to the adjacent domain. Cooperative docking of these
two sites across different domains could render the hPD-L1-CD222 interaction very
sensitive to CD222 allosteric changes, which, we believe, is reflected by the elimination of
hPD-L1 tetramer staining by NaM6P alone. Large scale conformation changes upon M6P
binding has been reported for Cation-dependent mannose-6-phosphate receptor, where
loop D switch from “closed” to “open” state [92]. Structure-based sequence alignment
suggests the same recognition mechanism although the loop D for CD222 domain 3 is
shorter [92]. Therefore, allosteric changes may account for the enhanced recognition of
CD222 by monoclonal antibody MEM-238 and also the elimination of hPD-L1 binding
with NaM6P blocking.

The signaling capacity of CD222 remains unclear despite its multifaceted ligand
binding and functions. While the phosphorylation and palmitoylation of the cytoplasmic
tail are mainly responsible for the routing and trafficking purposes [141, 142], the ability
in recruiting and activating Gi and triggering downstream signaling also remains elusive
[98-100]. Focusing on T cell costimulation/coinhibition, we first attempted to investigate

the potential signaling consequences in short time scale using Jurkat cells with undetectable
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PD-1 and B7-1. However, we failed to observed any changes in ERK phosphorylation
induced by hPD-L1-CD222 alone or co-stimulation with anti-CD3. Future efforts need to
be made with efficient and specific blocking strategies to dissect the specific function of
this interaction alone from the binding to the other two receptors (PD-1 and B7-1) on T
cell surface. Moreover, careful attention need to be paid in choosing anti-PD-1 vs anti-PD-
L1 immunotherapies, as anti-PD-L1 blocking antibodies would presumably block both

hPD-L1-PD-1 and hPD-L1-CD222 interactions [58].
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CHAPTER 7

CONCLUSION AND FUTURE DIRECTIONS

7.1 Conclusion
We presented in this thesis the study of in situ PD-1 interaction and its inhibition
of the antigen recognition by TCR-CD8 in a kinetic perspective. The identification of the
novel interaction between hPD-L1 and CD222 also opens new venues for investigating
their functions in vivo. With detailed conclusions discussed in each chapter, here we
summarize the highlights as below.
e The first systemic 2D kinetic characterization of the human and murine PD-1
systems, the B7-1-PD-L1, B7-1-CD28, and B7-1-CTLA-4 interactions.
o 2D affinities align in the same trend with 3D affinities.
o The PD-1 systems display enhanced 2D affinities than 3D ones spanning
from middle to strong.
o Similar as measured in 3D, 2D B7-1-PD-L1 interactions are much weaker
than PD-1-PD-L1.
e The first 2D kinetic analysis of crosstalk between activating receptors (TCR and
CD8) and inhibitory receptors on activated T cell surface.
o CD8 contributes to TCR-pMHC interaction by increasing both bond
number and bond lifetime — a process that depends on Lck.
o PD-1-PD-L1 and P14 TCR-H2-D":gp33 display distinct force-lifetime
spectrum.
o PD-1 suppresses the CD8 enhancement via SHP-2 signaling, suggesting a

“binding-signaling-binding” model to fine-tune antigen recognition.
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o ldentification and characterization of a novel interaction between hPD-L1 and
CD222.
o hPD-L1, not hPD-L2, binds to CD222.
o hPD-L1-CD222 interaction consists of both lectin-carbohydrate and
protein-protein binding components.
o CD222 competes with PD-1 in binding to hPD-L1 with higher 3D and 2D

affinity/avidity.

7.2 In the near future

The findings in this study raise more questions than they answer. We point out some
of the important ones to be potentially continued from this point.

What are the mechanisms underlying the differential regulation of 2D binding
kinetics by the cellular environment for different molecules? How are these mechanisms
exploited in vivo to modulate their interactions and functions under various physiological
and pathological contexts? Dissecting these mechanisms will advance our understanding
of such cellular-based interactions and their functional consequences. Published and
ongoing studies of TCR 2D interactions suggest critical roles of post translational
modification (PTM) and its organization on the cell membrane [10, 118]. We also have
preliminary data showing that 2D binding of PD-1 can be largely affected by mutations
outside of the initial ligand binding interface. These observations further highlight the
complexity and significance of cellular regulations of membrane receptor interactions.

How do the kinetic and mechanical properties contribute to PD-1 triggering? In the
case of TCR triggering, binding kinetics is a critical component in all the models proposed

[143]. The importance of its response under force is also becoming more appreciated [115,
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119, 144-147]. Despite the significance of PD-1, the mechanism of its triggering has not
been explored. Different from the triggering of TCR, which is an activating receptor,
initiation of PD-1 signaling requires input from both ligand binding and TCR signaling.
Addressing how the kinetic and mechanical properties of these two receptors are coupled
to their conformational and/or spatial regulations is key to understand the mechanism of
PD-1 signaling. In particular, imaging PD-1 triggered SHP-2 activities with controlled
surface presentation of PD-L1 and pMHC will be informative for the spatiotemporal
dynamics and regulation of such triggering events.

What is the detailed molecular mechanism of TCR—CD8 cooperative binding? This
study suggests that the TCR—CD8 cooperative binding can serve as a tunable component
to adjust the strength of antigen stimulation. However, the molecular mechanism of this
process itself is not well understood. Considering the elimination of this process by
inhibiting Lck activities or its association with CD8 [12, 14], the recruitment of CD8 to
TCR-CD3 [14, 15, 148, 149], the kinase-independent role of ZAP-70 [150], as well as the
non-redundant roles of highly complex ITAM architecture of CD3, a bold hypothesis is
that binding of Lck SH2 domain to pITAM would serve as an adaptor to recruit CD8 to the
proximity. An alternative model involves the binding of ZAP-70 to pITAM, which then
recruits CD8 via Lck. Mutations abolishing such adaptor properties would possibly
delineate the contribution of the enzymatic activities and adaptor functions for TCR-CD8
cooperative binding.

Finally, what is the function of hPD-L1-CD222 interaction? One important
question to be answered first is that whether this interaction is significant for hPD-L1

expressed in vivo? We have shown that the hPD-L1-CD222 interaction consists of both
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protein-protein and lectin-carbohydrate binding components. The former one is considered
specific, whereas the latter one is less specific, especially given that the hPD-L1 protein
were made in CHO cells where the glycan structures are different from human cells.
Therefore, examination of hPD-L1-CD222 interaction with native hPD-L1 would allow
for a more in-depth understanding of the regulation of binding by glycosylation in vivo.
This would also set a basis for probing the functions of this interaction in various contexts.
Other than the regulation of expression and glycosylation of hPD-L1, the membrane
display of CD222 also varies by cell types or even the same cell types at distinct
differentiation stages. For example, CD222 is detectable on resting monocytes and
granulocytes but not on T cells until activation. It is also upregulated on multiple types of
malignant cells. Therefore, although this study focused mainly on T cells, the possible

functions of hPD-L1-CD222 are more likely cell type-dependent.

7.3 In the far future
TCRAE M, BT A, (The dragon exceeds the proper limits; there will be
occasion for repentance.’ — a state of fulness, that is, should not be indulged in long [151].)

—— 1 Ching

PD-1 emerges, thrives and will do, but will not escape the fate of waning to the
close. So will go the next PD-1. We try to understand how these molecules work. We then
harness them to treat diseases and improve our lives. We then create new molecules, cells
or lifeforms. The gifts endowed to us in that ancient “accident” have never been shown so
magnificent, making the question “where these researches would ultimately lead us to” far

beyond our imagination.
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It’s perhaps all about time and evolution. But have we evolved to equip with enough
“regulatory mechanisms” for a “human response” at the proper time and location, with the
optimal “magnitude” and “duration”? In the book “The impact of science on society” by
Bertrand Russel in 1952, he foresaw the major challenge to a stable scientific society to be
the “population problem”, which (coincidently?) converges to the main theme of evolution.
Alexander Fleming, who discovered penicillin, predicted the post-antibiotic era in 1945
saying “the thoughtless person playing with penicillin treatment is morally responsible for
the death of a man who succumbs to infection with a penicillin-resistant organism. | hope
this evil can be averted."

But can we avert it? As we are enjoying the benefits of harnessing the nature to
advance every bit of what we call our civilization, the evils are inevitably accelerating their
paces. That is co-evolution.

And centrality is the key.
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