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ABSTRACT

Infected and malignant target cells trigger V49V 902 T cell activation by signaling phospho-
antigen metabolite intracellular accumulation through Butyrophilin (BTN)-3A1 and BTN2A1
proteins to the V49V §2 T cell receptor (TCR). An incomplete understanding of molec-
ular dynamics in the pAg-signaling complex precludes V49V 42 T cell immunotherapeu-
tic efficacy. Here, we develop a panel of a—BTN3A1 and a—BTN2A1 antibody (mAb)
reagents to probe the roles of BTN3A1 and BTN2A1 in pAg signaling. By modifying ag-
onist a—BTN3A1 mAb 20.1 with increased inter-Fab distances, we establish that ordered
multimerization of BTN3AT1 is not necessary to stimulate V49V 2 T cell activation. By
similarly antagonist a—BTN3A1, we demonstrate that 103.2 does not antagonize V9V 2
T cell activation conformational constraint but likely through steric occlusion of a critical
binding interaction between BTN3A1 and a yet unknown co-receptor. Finally, we developed
a panel of novel a—BTN2A1 mAb V~9V 2 antagonists that utilize different biophysical
mechanisms to compete with the V49V §2 TCR for BTN2A1 binding. Our 2.8A structure of
BTN2A1 ectodomain in complex with the Fab of potent antagonist, 2A1.9 provides molec-
ular insights into BTN2A1 residues critical for pAg-signaling. 2A1.9 may be developed into
an immunotherapy adjuvant to sensitize tumors in which high BTN2A1 expression is a poor

prognostic marker to a8 T cell immunotherapies.
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CHAPTER 1
INTRODUCTION

1.1 VA9Vo2 T cell roles in immunity

VA9V §2 T-cells (V~9V62s) are a unique, innate-like subset of the adaptive immune system
with the potential to be developed into an off-the-shelf immunotherapy. V79V d2s com-
prise 2-5% of lymphocytes circulating in the peripheral blood of healthy humans but can
expand to represent up to 50% of circulating lymphocytes in conditions of cellular stress?.
In a Major Histocompatibility Complex (MHC)-independent manner?3 V~9V §2s proliferate
polyclonally* %, mount cytotoxic defenses and recruit other branches of the immune system
to fight a variety of bacterial, parasitic, and viral infections by responding to phosphoantigen
(pAg) metabolite byproducts of isoprenoid biosynthesisl. We now know that phosphoanti-
gen signaling starts with an intracellular accumulation of pAg that drives pAg binding to
the intracellular domain of the Butyrophilin (BTN)3A1 protein?. This binding event then

11 a5 well as

drives structural changes in BTN3A dimers that propagate extracellularly®
the formation of an intracellular complex with the related BTN2A1 proteini2®. Through
molecular mechanisms yet unknown these events recruit the V49V 2 TCR to bind BTN2A1
through germline encoded residues rather than hypervariable CDR loops 12,13,16, Ultimately,
these events trigger a V49V 62 response leading to target cell killing, apoptosis or the recruit-

ment of other branches of the immune system!

. Excitingly, V49V 2s are also capable of
recognizing cells undergoing malignant transformation!? and are the subject of many early-
stage clinical trials aimed at treating a range of solid and liquid tumors!®. While V49V §2
immunotherapies have good safety profiles, an incomplete understanding of the molecular

underpinnings of V49V §2 activation precludes the realization of their immunotherapeutic

potential.



1.1.1 Infections

Expansion of V49V §2s has been observed in response to a diverse array of microbes. V49V 2s
were first discovered to respond to tuberculosis!® infection. Our knowledge of pathogenic
bacteria capable of stimulating V9V d2 proliferation has expanded to include brucella, er-
lichia, legionella, leptospira, listeria, other mycobacteria, salmonella, and tularemia 12021,
Though V~9V§2s are primarily thought to operate in the peripheral blood, bacterial in-
fections are capable of stimulating V49V §2 expansion in diverse tissues including bron-
choalveolar lavage fluid, cerebral spinal fluid, the spleen and the female reproductive tract!.
Intriguingly, protozoan parasites including malaria, leishmania and toxoplasma are also ca-
pable of causing V9V 62 proliferation as well 120, Viral infections seem to have more diverse
effects on V49V 62 behavior. While Epstein-Barr infections cause peripheral V49V 2s ex-
pansion, a decrease in the frequency of circulating V9V 2s is observed in patients infected
with hepatitis, coronavirus, and Human Immunodeficiency Virus (HIV). However, V49V §2s

mount a cytotoxic response when exposed to cells infected with these viruses in vitro:20.

1.1.2 Cancer

Though V79V §2s canonically proliferate during infection, it has become apparent that they
are capable of recognizing and selectively killing malignant and distressed cells. V49V §2s are
being explored as treatment targeting solid tumors including Renal Cell Carcinoma (RCC),
Non-Small Cell Lung Carcinoma (NSCLC), Hepatocellular Carcinoma (HCC), Colorectal
Carcinoma (CRC), Gastric and Pancreatic cancer 1822, Vy9V/§2 treatment of hematological
tumors such as Acute Myeloid Leukemia (AML) and Multiple Myeloma (MM) is also being

18,22 Pascinatingly, the expression of proteins involved in trigger-

tested in clinical trials
ing V~y9V62 responses (discussed in following sections) is associated with either better or
worse prognosis in different cancers in different patients23. This suggests that VA9V 2s

play diverse roles in tumor immunity however, the natural roles of V49V 2s in the tumor
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microenvironment remain unclear as the majority of studies analyze the vé T cell compart-
ment as a whole. It has been shown that V49V §2s can educate Natural Killer (NK) cells
in the tumor microenvironment to kill mature Dendritic Cells (DCs) that may otherwise
promote inflammation and tumor growth. Additionally, V49V §2s can present antigen to
CD4+ and CD8+ T cells likely in the lymph nodes (LN) by upregulating MHC I and II
molecules, costimulatory molecules and chemokine receptors like CCR722. Studies profiling
VA9V 2 populations in tumors are necessary to better understand the contexts in which

they are helpful and harmful to anti-tumor immunity.

1.1.3  Characteristics of V49V 2 T cell responses

VA9V §2s survey cells for stress associated signals and ligands using the TCR, Natural Killer
group 2 member D receptor (NKG2D) and Toll-like receptors (TLRs)!. V49V 2s generally
mount a Type 1 cytotoxic response when activated and kill target cells through the release
of lytic mediators perforin and granzyme as well as pro-inflammatory cytokines Interferon-
v (IFN-y) and Tumor Necrosis Factor-a (TNF-a)!l. CD16 expression in V~9V§2s can
induce target cell apoptosis via antibody-dependent cell-mediated cytotoxicity (ADCC) and
may also promote phagocytic activityl. Target cell apoptosis may also be induced through

Fas/FasL as well as TNF-related apoptosis inducing ligand (TRAIL) and TNF-a!.

1.1.4 Immunotherapeutic potential

VA9V 2s exhibit a unique combination of features that make them ideal candidates for
immunotherapeutic development. Most importantly, V79V 2s do not employ canonical
T-cell antigen-recognition as target-cells do not stimulate V~9V§2s via MHC23. MHC-
independent target cell recognition potentiates the development of an off-the-shelf, univer-
salized V49V 62 immunotherapy that lacks the risk for graft vs host disease (GVHD) and is

unaffected by MHC-downregulation in tumors2. Data also suggests that V49V §2s may not

3



be as susceptible to PD-1 checkpoint receptor-mediated inhibition as other T cell therapies
and produce low amounts of IL-17a, a cytokine implicated in tumor growth and metasta-
sis24. Preparing sufficient quantities of V9V §2s for allogeneic transplant generally involves
first identifying a donor with a robust and desirable V9V 2 repertoire followed by specific
expansion of V49V §2s from donor peripheral blood induced with IL-2 and bisphosphonate
drugs. Ongoing studies are testing sort strategies on expanded V9V 2s to select for or
eliminate populations expressing certain combinations of cellular markers, including PD-1
for example 24 In vivo stimulation of V~9V2s with IL-2 and bisphosphonate drugs is also

d?2 as well as the benefits of local versus systemic administration of treatment.

being explore
Though disease stabilization, partial and even complete remission have been achieved in
select patients, clinical trials overall show favorable safety profiles but lack efficacy due to

2

lack of a persistent V49V 62 population following transplant or stimulation®2. Anergy or

activation induced cell death (AICD) lead to reduced numbers of V49V §2s over time 22

1.2 V~9Vi2 T cell antigens

VA9V 2s are triggered by intracellular increases in the concentration of phosphoantigen
metabolite (pAg) byproducts of isoprenoid biosynthesis25 in target cells, a process that
occurs via the HMG-CoA reductase / mevalonate (MVA) pathway in eukaryotes and the
non-mevalonate pathway in bacteria and plants. The stimulation of V9V §2s with frac-
tionated M. tuberculosis lysate first led to the identification of intermediates in the 1-deoxy-
D-xylulose 5-phosphate (DOXP) / methylerythritol 4-phosphate (MEP) metabolic pathway

21 'We now know that metabolic pathways that produce pAgs exist in many

as antigenic
species and pAgs vary in the potency with which they stimulate V49V §2s21. The potency of
pAgs is immediately determined by intrinsic molecular features and chemical modifications

including phosphorylation and conjugation with other small molecules like nucleotides26.

Additionally, metabolic regulation of pAg concentrations by processes altering the activ-

4



ity of enzymes in isoprenoid biosynthetic pathways as well as the levels of upstream and

downstream intermediates affect the potency with which specific pAgs stimulate V9V §2s.

1.2.1 Bacterial phosphoantigens

The most potent pAg identified to date is (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate
(HMBPP), an intermediate of the bacterial DOXP/MEP pathway. It is believed that target
cells suffering infection by an intracellular pathogen experience subtle increases in the intra-
cellular concentration of HMBPP and other bacterial pAgs, ultimately triggering V9V 2

activation.

1.2.2  Endogenous phosphoantigens

Humans generate pAgs through the MVA pathway during the biosynthesis of isoprenoid
species including cholesterol, steroids and other non-sterol isoprenoids2t. Isoprenoid biosyn-
thesis can be dysregulated in contexts of cellular stress including infections caused by eu-
karyotic pathogens such as malaria and malignancies. Isopentenyl diphosphate (IPP) is
the most antigenic eukaryotic pAg and stimulates V49V §2 activation 10,000X less potently
than HMBPP2!. The tolerance of healthy levels of IPP and other endogenous pAgs ne-
cessitates the lower potency of IPP. Bisphosphonate drugs increase intracellular levels of
endogenous pAgs by inhibiting enzymes in the MVA pathway that metabolize IPP or down-
stream metabolites?!. Pamidronate and zoledronate are two commonly used bisphosphonate
drugs that target the enzyme farnesyl diphosphate synthase (FDPS) which uses IPP as a
subtstrate?!. These drugs are utilized extensively to expand V49V §2s for allogeneic trans-

plant, stimulate V~49V42 in vivo and conduct basic research on V49V 2s.



1.2.3  Molecular features determining pAg antigenicity

As mentioned, pAgs are a diverse class of metabolites with varying antigenicity. The core
antigen unit of pAg metabolites consists of a 4 carbon chain with a terminal pyrophos-
phate moiety26. The addition of large chemical groups including another phosphate to the
pyrophosphate moiety does not affect pAg antigenicity, however loss of a phosphate from
the pyrophosphate moiety dramatically reduces the ability of a pAg to stimulate V49V 92
activation except in pAgs conjugated to nucleotide monophosphates?6. At the other ter-
minus of the molecule, the addition of longer prenyl chains does not affect the ability of a
pAg to stimulate VA9V 62 activation, however the addition of bulky headgroups abrogates
antigenicity 26. Chemists now aim to exploit our understanding of the molecular constraints
on pAg antigenicity to develop the therapeutic potential of pAgs. It has been suggested
that the highly charged pyrophosphate moiety prevents pAg diffusion into and out of cells.
Thus, pAg prodrugs are being developed with charge-neutral and pyrophosphate-protecting,
cleavable headgroups to enable cellular uptake of pAgs2t. Ultimately, these may be used to

sensitize tumors to V49V 92 immunotherapies.

1.3 Overview of the phosphoantigen signaling complex

The question of how target cells signaled pAg accumulation to Vy9V §2s remained open for
almost 20 years. In classical immune recognition paradigms, target cells directly present
diverse peptides, lipids and metabolites extracellularly on MHC or MHC-like molecules. T
Cells survey the body for MHC or MHC-like molecules loaded with antigenic peptides pri-
marily, as well as lipids or metabolites using their T Cell Receptor (TCR) via the TCR
Complementarity Determining Region Loops (CDRs). Recognition of abnormal antigens
then triggers a cytotoxic response and the recruitment of other branches of the immune sys-
tem. That the triggering of a V49V 2 response seemingly does not require MHC or MHC-like

molecules, nor the recognition of peptide antigens?? puzzled immunologists. The eventual
6



discovery that V49V 62 activation required pAg binding intracellularly to BTN3A17 marked
the beginning of a decade-long effort to understand the identity and molecular dynamics of

the unconventional proteins involved in pAg signaling.

1.83.1 Butyrophilin family of proteins

BTNs were first discovered in the mammary glands of cows to be involved in the stabiliza-
tion of fat balls in cows milk? . Human BTNs are ubiquitously expressed B7-like proteins,
common B7 and B7-like molecules being costimulatory or regulatory molecules of T cell ac-
tivation like CD80, CD86 and PD-L17 . The extracellular portion of most BTNs including
BTN3AT1 consists of an IgV and IgC domain and is linked to an intracellular B30.2 domain via
a single-pass transmembrane helix (TM) followed by a relatively flexible juxtamembrane re-
gion (JTM)? . Together, the JTM and B30.2 domains are referred to as the full intracellular
domain (BFI). BTNs primarily exist endogenously as homodimers or isoform heterodimers
with dimerization driven by disulfide bonds or hydrogen bond contacts between extracellular
IgC domains. BTN3A1, for example, complexes with its isoforms BTN3A2 and BTN3A3 to
form BTN3A dimers.

1.4 BTN3A1l: the V19V 2 antigen sensor

1.4.1 Roles of BITN3A1 domains in pAg signaling

The signaling of pAg accumulation begins with pAg binding to the B30.2 domain of BTN3A1 7,
This binding event is propagated through the BTN3A1 molecule through its JTM affecting
the overall structure of the BTN3A1 BFI®. The JTM is approximately 70 amino acids long
and two critical regions within the JTM comprising residues 1-16 and 39-64 appear to be cru-
cial for of pAg-signaling®. It is becoming increasingly evident that pAg binding information

is then propagated in trans within the BTN3A homo or heterodimer from the JTM of the
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pAg-bound BTN3A1 molecule to the JTM of its dimerization partner?. Though the exact
molecular mechanism and structural consequence remains unclear, this signal then travels
through the single-pass TM of either the trans member or both members of the dimer to
the BTN3A extracellular IgV domain(s)!?. Intriguingly, swapping the BTN3A1 TM for a
single-pass TM from other BTN or unrelated proteins does not affect the ability of BTN3A1
to signal pAg accumulation?. The effects of pAg binding on the dynamics and conforma-
tion of the BTN3A extracellular domain remains unclear. We know that BTN3A dimers

13,27,28

adopt a a V-shaped conformation on the cell surface and that dimerization is driven

by extensive hydrogen bond and electrostatic contacts between 2 BTN3A monomers2’ to
form a highly stable interface. Fascinatingly, BTN3A dimers in which BTN3A1 lacks but
its dimerization partner retains an IgV domain can still function to signal pAg, however at
least one IgV domain in trans of the pAg sensing monomer is necessary for pAg signaling1V.

The specific effects of this pAg-driven molecular cascade on the cellular organization and

extracellular conformation of BTN3A dimers remains a mystery.

1.4.2  Molecular features of pAg sensing by BTNS3A1

Structural studies conducted by past members of the Adams Lab show that pAgs bind
to a positively charged pocket in the BTN3A1 B30.2 domain formed by the H351, H378,
K393, R412, R418 and R469 residues”. Extensive hydrogen bonding networks between these
BTN3A1 residues and the pAg pyrophosphate moiety ” explain the loss of potency when trig-
gering V9V 2 activation with monohosphate compounds otherwise structurally similar to
pAgs26. Though H351 does not form hydrogen bonds with the pAg, mutagenesis of this
residue abrogates the ability of BTN3A1 to signal pAg accumulation to VA9V 62s7. The
binding of pAg to the BTN3A1 B30.2 domain ultimately causes allosteric changes to B30.2
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residues both proximal and distal to the pAg-binding pocket“®, potentially driving signal

propagation to the JTM. Residues in the BTN3A1 IgV domain have also been implicated in



pAg signaling16. K37, 840, K94, and K107 form a basic patch on the IgV CFG face and mu-
tagenesis of these residues differentially abrogates V49V 02 activation in a T cells expressing
different clones of the V9V 2 TCR. Interestingly residues 106 and K107 have been impli-
cated in binding BTN2A1 by NMR 16 and mutagenesis of these residues modulates but does
not abrogate V49V 62 activation%. Adding a disulfide bond to the BTN3A dimer interface
at residue D124 in one monomer and S207 in the other did not affect BTN3A1 membrane
diffusion but diminished V49V §2 activation®®. V49V 62 activation might therefore be de-
pendent on conformational flexibility within the BTN3A1 IgC domain or the exchange of
BTN3A2 and BTN3A3 isoforms into and out of the BTN3A dimer.

1.4.8 Specialized roles of BTNS3A isoforms

BTN3AL has two isoforms, BTN3A2 and BTN3A3 with which it readily heterodimerizes.
The existence of 3 BTN3A isoforms is believed to have been caused by gene duplication
during the evolution of primates!?. Extracellularly, BTN3A2 has an identical IgV domain
to BTN3A1 while BTN3A3 harbors the single K36R mutation. BTN3A IgC domains are
90% homologous. Key differences between the isoforms involve the intracellular domains.
The BTN3A1 JTM harbors a highly positively charged motif unlike that of BTN3A2 and
3A3. BTN3A2 lacks the B30.2 domain and a portion of the JTM while BTN3A3 substitutes
an arginine in place of the histidine at position 351 in the BTN3A1 B30.2 pAg binding
pocket 10, Target cells expressing BTN3A1 alone can weakly stimulate V49V 62 activation
however the expression of either BTN3A2 or BTN3A3 is required for full potency in pAg
signaling1V. Fascinatingly, alpaca are among the only non-primate species that retain a
VA9V 2 T cell population that is triggered by pAg and BTN3. Alpaca have only one BTN3
isoform suggesting the existence of an ancenstral super-BTN3A in humans. Indeed, the
R351H mutation in BTN3A3 restores its ability to signal pAg accumulation to VA9V §2s7

and, unlike BTN3A1, strongly stimulates V49V §2 activation when expressed without its iso-



forms? 11, Differences in the JTM are believed to affect how BTN3A isoforms dimerize 1011
traffic to the cell membrane?? and propagate intracellular pAg-B30.2 binding information
extracellularlylo explaining the reliance of BTN3A1 on its isoforms for optimal functioning.
Indeed it is posited that this diversification of functions between BTN3A isoforms provides
modern humans with the ability to fine tune the expression levels of each molecule to control

pAg signaling-strength in different cellular contexts.

1.5 BTN2A1l: a V799V $2 T cell receptor binding partner

1.5.1 Roles of BTN2A1 domains in pAg signaling

Expression of BTN2A1 is necessary for pAg signaling and activation of V9V §2s1213:30 and

more specifically, the B30.2 domain of BTN2A1 is neessary for pAg signaling2. Following
pAg accumulation, pAg binding to BTN3A1 drives association between the B30.2 domains of
BTN3A1 and BTN2A14:15 The JTM of BTN2A1 has been implicated in pAg signaling, as
mutagenesis of residues 290-301 abrogates V9V §2 activation and removal of the BTN2A1
JTM prevents the association of the BTN3A1 and BTN2A1 B30.2 domains in the presence of
pAg15 in vitro. Interestingly, cellular FRET assays probing the role of the BTN2A1 JTM in
BTN2A1 and BTN3A1 association show an increase in association when the BTN2A1 JTM
is mutagenized %30, Therefore, the role of the BTN2A1 JTM and TM in pAg signaling is
still unclear. The BTN2A1 ectodomain is better characterized. It is the only established
binding partner for the V49V §2 TCR!2:13 and binds via the CFG face of its IgV domain
to the germline-encoded HV4 loop on the TCR ~9 chain1316. This binding interface does
not involve the 62 chain but is necessary for pAg signaling!213. Interestingly, the BTN2A1
ectodomain has also been implicated in coordinating cellular colocalization with BTN3A1

as removal of the ectodomain abrogates FRET between BTN2A1 and BTN3A130
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1.5.2  Molecular features of BTN2A1 involved in pAg signaling

Crystal structures of the BTN3A1 and BTN2A1 B30.2 domains in complex in the presence
of HMBPP highlight multiple interfaces, whether both are physiologically relevant remains
unclear as mutagenesis of key residues in the BTN2A1 B30.2 domain from both interfaces
abrogates BTN2A1:BTN3A1 binding and pAg signaling. These residues include R449 and
V483, and T482 which utilize hydrogen bonds to contact the Pa and PS of the HMBPP
pAg as it sits in the basic pAg binding pocket of the BTN3A1 B30.2 domain, respectively 14
but come from different orientations of docking between BTN2A1 and BTN3A1. BTN2A1
residue FE485 coordinates binding with BTN3A1 residues R413 and K393 adjacent to the pAg
binding pocket14. Interestingly, BTN2A1 D427 and E429 form contacts with the BTN3A1
B30.2 domain outside of the pAg-binding pocket interfacel4, the physiological relevance of
which is unclear as it has been postulated that the inability of pAgs with bulky headgroups to
stimulate V~49V§2 is due to the disruption of binding between the B30.2 domains of BTN2A1
and BTN3A131. In the BTN2A1 JTM, residues L290, W292 and L297 are necessary for
pAg signaling while mutagenesis of adjacent residues is better tolerated but still mildly
deleterious®. Extracellularly, BTN2A1 uses disulfide bonds at the C-terminus of the IgC
domain to drive homodimerization!3. BTN2A1 contacts the V49V 2 TCR through key
residues in the IgV CFG face including R37, R96, Y98 and E10713. A published structure
of the BTN2A1 ectodomain in complex with the V49V 2 TCR show electrostatic contacts
between the aforementioned R96, Y98 and E107 residues as well as multiple additional
residues in the IgV CFG face including Q42, F43, S44, Q100 and Y105 (PDB ID:8dfw)32.
NMR experiments have implicated other residues in the BTN2A1 IgV CFG face in interacting
with the extracellular domain of BTN3A1 including residues S44, A46, G53, and E5516.
Mutagenesis of the BTN2A1 residues Y98 and Q100 abrogates the putative interaction with
BTN3A1 by NMR shift 6 however the relevance and strength of an interaction between the

BTN2A1 and BTN3A1 ectodomains remains unclear 6.
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1.5.3 Interactions between BTN3A1 and BTN2A 1

BTN3A1 and BTN2A1 were first found to colocalize at resting state on the cell membrane
by confocal microscopy and co-immunoprecipitation experimentsu’l?’. Data suggesting the
existence of an extracellular complex between BTN2A1 and BTN3A1 includes NMR ex-
periments in which the addition of BTN2A1 causes shifts in BTN3A1 residue E10613:16
FRET between mAbs bound to BTN2A1 and BTN3A1 ectodomains!? and mutagenesis of
BTN2AT1 residues computationally predicted to interact with BTN3A1 affecting pAg signal-
ing 14 While these data do not unequivocally support the existence of a stable extracellular
interaction, the intracellular association between BTN3A1 and BTN2A1 is becoming increas-
ingly clear in molecular detaill41®. The binding between the BTN2A1 B30.2 domain and the
BTN3A1 B30.2 domain requires the pAg metabolite and the affinity of this interaction ranges
from 600nM with the bacterial HMBPP pAg to 155uM with the IPP endogenous pAgl4.
The molecular mechanism by which BTN2A1 and BTN3A1 transition from a pre-associated
state on the cell membrane to a pAg-signaling, complexed state is unclear. Additionally, un-
covering how this intracellular event gets propagated extracellularly will provide invaluable

insight into this rare signaling mechanism.

1.6 The VA9V 02 T cell receptor

The following section includes content I wrote for a published review in Immunological Re-

views titled: Diversity in Recognition and Function of 4§ T cells.33

Studying the V49V §2 TCR repertoire and how it evolves during the development of
an individual may also aid in solving key gaps in our understanding of the mechanisms of
pAg signaling on the target cell. While the V~9V§2 population is occasionally referred
to as invariant, V-D-J rearrangement provides some variability within the CDR3 loops of

both chains. Both the fetal and adult V9V §2 19 repertoire are composed of ~40% public
12



clonotypes on average3* promoting an assumption of the 49 chain to be “semi-invariant”.
However, these sequences arise from diverse recombination events and are paired with highly

diverse 62 sequences34.

1.6.1 Molecular and repertoire features of the ¥9 chain

The CDR3~ prefers 1-2 N-Nucleotide additions and is relatively short, with some analyses
showing over 50% of v9 CDR3s to be 14 amino acids in length®®. These data suggest a
selective pressure/restriction on the 49 chain CDR3 sequence throughout development for
particular molecular features that likely influence what the TCR recognizes when surveying
for pAg-burdened cells. The “semi-invariant” moniker for 49 is thus particularly interesting
considering the engagement of BTN2AT1 through residues R20, E22, E70, and H85. However,

d!2, which does not explain the preference for the limited

these residues are germline-encode
set of 79 CDR3 sequences unless particular flanking sequences are required for stabilizing
the BTN2A1 binding epitope. Other 79 chain residues are important for pAg reactivity;
these include CDR3 residues K108 which must be positively charged and K109 which must
be positively charged or neutral3637. Some residues including T29, Y54, and T57 are con-
troversial; past studies have shown that mutating these residues abolishes pAg reactivity37
but recent data suggest that these residues have a minimal role in pAg-induced T cell acti-
vation2. Overall, data currently point to a primary role of the ~v9 chain in VA9V 62 T cells
in recognizing BTN2A1, however the implication of additional residues in pAg reactivity

that do not bind BTN2A1 may suggest additional yet unknown roles for the 79 chain in

mediating recognition of and response to pAgs.

1.6.2  Molecular and repertoire features of the 02 chain

The 62 chain, on the other hand, exhibits considerable CDR3 sequence variability between

and within individuals as public CDR3 sequences generally do not exceed 2% of total TRD2
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sequences?. Interestingly, 62 repertoires show a strong enrichment of hydrophobic amino
acids at position 97 in the CDR3 loop3® a residue generated through N-nucleotide addition.
Mutation of this residue and E28 of CDR16 diminishes pAg reactivity3’. More strikingly,
R51 and E52 of the 62 CDR2 loop are necessary for pAg reactivity 1237, Tt is still unclear
why 62 has strict requirements for these residues, it could be that they are important for
binding another molecule on the target cell. More broadly, the majority of the adult private
02 repertoire uses the TRDJ1 joining segment instead of TRDJ3 commonly found in fetal
62 CDR3 loops®839 suggesting that microbial exposure may prompt a preference for the
particular CDR3 residues coded for by TRDJ1. The private adult 02 repertoire also has
more N-nucleotide additions than the public repertoire and the number of N-nucleotide ad-
ditions in private 62 sequences increases throughout development, on average?. Overall, the
62 repertoire has a constrained CDR3 length that is shorter, on average, than 61 CDR3s??,
which is particularly interesting considering the potential diversity of this chain based on
its mechanism of V-D-J recombination. Functionally, the 62 chain seems to modulate the
strength with which particular clones activate in response to pAgs#0 suggesting that the 62
chain could play an important role in engagement of ligand on target cells. The development
of unique 62 repertoires in each adult, even in homozygous twins*! suggests that the §2 chain
recognizes disease-specific epitopes, similar to the classical model of a8 T cells. While some
individuals show “clonotypic focusing” in their adult V49V 82 repertoire3* a recent study
shows that Gambian children have no greater similarities in their V49V 2 TCR repertoires
than age-matched German children? expected to have different microbial exposures, pro-
viding evidence against postpartum pathogen-specific driven expansion of specific V49V 2
clones. Uncovering what the 02 chain contacts on the target cell, and how it is involved
in activation is an exciting avenue for future research, and will fill in a crucial piece in the

increasingly intricate mechanism of V9V 42 activation.
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1.7 Summary

The mechanism by which infected and cancerous target cells communicate pAg accumulation
to the V49V 42 is remarkably unique. Of particular interest is the inside-out signaling
mechanism that occurs seemingly independently of the canonical TCR ligand, the MHCx.
The details of this signaling mechanism are slowly become more clear with time. Immense
progress has been made in our intracellular understanding the molecular interactions and
sequence of events following pAg binding to the intracellular domain of BTN3A1. Less clear
is how this binding information is translated through dimeric BTN3A1 and BTN2A1 to be
communicated to the V9V 2 T cell to signal stress. The central question of this thesis is
elucidating how pAg accumulation alters the extracellular architecture of the pAg signaling
complex to trigger a Vy9V 02 response. Ultimately, a detailed understanding of this signaling

mechanism can be leveraged to improve the efficacy of V49V 92 immunotherapies.
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CHAPTER 2
DEVELOPING NOVEL o — BTN2A1 ANTIBODIES TO
MODULATE V~9V 2 ACTIVATION

2.1 Introduction

The role of the BTN2AT1 intracellular domain in pAg-signaling is structurally and biophysi-
cally validated to bind to BTN3A1 in a pAg-dependent manner. 14,15 Tess clear is how pAg-
dependent intracellular binding of BTN2A1 to BTN3A1 triggers an extracellular transition
that signals distress to the V49V 02 T cell. The extracellular domain of BTN2AT1 is known to
contact the V4912 TCR and may contact BTN3AL. 12,13,16 However, how BTN2A1 explic-
itly coordinates these intracellular and extracellular interactions to propagate information

about pAg accumulation from the target cell to the T cell is less clear.

2.2 Results

Table 2.1: a-BTN2A1 Fab properties

Binder ~CDR-L3  CDR-HI  CDR-H2 CDR-H3 KD (M) * *  kon (/M/s)* *  koff (/s)* *
2AT.1 SSSSLI IYSSST  SIYSSSGYTY  VYYQRGYIYSGF 7.79E-09 2.08E+05 1.62E-03
2A1.2  ASDWPI  FSYSSI  SIYSYYGSTS  YYYARGYVYAF 9.28E-09 2.29E+05 2.13E-03
2A1.3  ARSPLI  IYSSSI SIYSYSGYTY YYYYWGGVGDAL 1.23E-08 2.47E+06 3.02E-02
2A1.4 SSSSLI FSSSSI SIYSSSGYTY  WQSYRGYPWPGF 6.91E-09 9.49E+04 6.56E-04
2A1.5 SSSSLI FSSSST SISSSSGSTS GHLYWEYVQWGF 1.75E-08 1.15E404 2.01E-04
2A1.6 SSSSLI FSSSSI SISSSSGSTS CHYYYWYYPGYGF ND ND ND
2A1.7  SSSSLI FSSSSI YIYPSSGSTS  YYYYRGYIDAM 6.73E-10 7.97E+05 5.36E-04
2A1.8 SSSSLI FSSSYT  SIYSYYGSTS ETVYKGYVPAL 4.61E-10 1.61E+06 7.42E-04
2A1.9 SSSSLI LYSSSI  YIYPSSGYTS YYYTRGYPDGM 3.73E-10 1.03E+06 3.84E-04
2A1.10  SSSSLI FSSSSI SISSSSGSTS WFYERGYVWAM 5.77E-09 9.57E+04 5.52E-04
2A1.11  SSSSLI FSSSSI SISSSSGSTS GHTYWMYYSGWGM  1.80E-09 2.29E+06 4.12E-03
2A1.12  SSSSLI FSSSSI SIYSSSGYTY  IEYGRGYWDAF 4.07E-09 5.50E-+05 2.24E-03
2A1.13 SQGELI  FSSSSI SISSSSGSTS GHYYYYYYSGWGF 1.82E-09 1.52E+06 2.77E-03
2A1.14 SKYMLI  FSYSSI  SISPYSSSTS GHVYYHYYPGYGM 6.21E-10 2.95E+06 1.83E-03
2A1.15  SSSSLI FSSSSI SISSSSGSTS GHQYYYYYGGWGF  ND ND ND
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Figure 2.1: Biophysical affinity of « — BT N2A1 Fabs

(A) Biophysical affinity of a-BTN2A1 Fabs binding to immobilized BTN2A1 ectodomain as-
sessed by SPR in 2-fold dilutions (grey). Non-linear regression - association then dissociation
calculated using GraphPad Prism (red). (B) a-BTN2A1 Fab specificity for BTN2A1 as as-
sessed by ELISA. Fab expressed on bacteriophage was incubated with immobilized BTN2A1
ectodomain (red) or controls (BTN3A1 ectodomain (blue) or BSA (yellow)) as assessed by
ELISA using Protein-L-HRP/TMB. Mean + SD (n=2). Reagents generated by me, SPR
data collected by Dr. Tomasz Slezak.
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Figure 2.2: Cellular affinity of @« — BT N2A1 mAbs

(A,C) a-BTN2A1 mAb binding to (A) DaudiWT or (C) DaudiA2A1 cells at increasing
concentrations, separated by mAb class. 1° mAb binding to BTN2A1 ectodomain visual-
ized using a-mlgG1 2° antibody staining assessed by flow-cytometry (gated on no 1° mAb
control). Mean + SD with connecting lines (dotted) (n=3), non-linear regression with vari-
able slope - four parameters (solid). (B) EC50 of binding and 95% confidence intervals for
a-BTN2A1 mAbD binding to DaudiWT was calculated by non-linear regression with variable
slope - four parameters (R2=0.9754, 0.9928, 0.9444, 0.9682, 0.9833, 0.9918, 0.8841, 0.5931,
1.000, 0.9603, 0.9947, 0.9254, 0.7812, 0.9779, 0.8660, 0.8196, 0.9995, respectively).
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2.2.1 Development of high-affinity a-BTN2A1 mAbs without BTN3A

cross-reactivity

To map immunogenic and inhibitory hotspots for V49V §2 activation on BTN2A1,I generated
a panel of 14 a-BTN2A1 Fabs using phage display evolution mutagenesis®%42 with BTN2A1
ectodomain as the target antigen 2.1. Negative selection was carried out using the BTN3A1
ectodomain as the target antigen and Fab selectivity was verified using phage-enzyme linked
immunosorbent assay (ELISA) 2.1. a-BTN2A1 Fabs had a Herceptin human-IgG1l Fab
scaffold and bound biotinylated, monomeric BTN2A1 ectodomain with varying biophysical
affinities in the pico-nanomolar range as assessed by Surface-Plasmon Resonance (SPR)
2.1. Full-length mAb constructs were cloned by fusing the IgV domains of these Fabs to
the murine-IgG1 Fab IgC-Hinge-Fc7.1. These mAbs also bound endogenous BTN2A1 on
DaudiWT with a range of cellular affinities measured by EC50 of binding 2.2 and had
negligible background staining on Daudi-Cas9 with KO of BTN2A1 (DaudiA2A1) cells 2.2.

2.2.2 «a-BTN2A1 mAbs antagonize V9V 2 activation with varying

potency

To test the effect of these -BTN2A1 mAbs on V9V 2 activation, a-BTN2A1 mAbs were
incubated with DaudiWT or DaudiA2A1 at a concentration of 6.8nM (1pug/mL) in the
presence and absence of 5ug/mLM HMBPP. G115 Jurkats were then co-incubated with these
mAb-pulsed target-cells overnight and assessed for CD69 expression via flow-cytometry 7.2.
Both in the presence and absence of exogenous pAg, a-BTN2A1 mAbs antagonized V9V §2
activation with varying strength 2.3 2.4, whereas no mAb had agonist properties 2.32.4.
DaudiA2A1 cells co-incubated with a-BTN2A1 mAbs did not stimulate Jurkat V~9V 2
T cell activation 2.4. 2A1.9 was as strong an antagonist of V79V §2 activation as the a-

BTN3A1 mAb 103.2 2.3 whereas other mAbs like 2A1.4 and 2A1.12 were weak antagonists,
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and some including 2A1.11 had no effect on V49V 2 activation 2.3.

The potency of mAb antagonism was tested using primary V9V 62 T cells expanded from
Peripheral Blood Mononuclear Cells (PBMCs) derived from healthy donors, 2.3 in activation
assays similar to those previously described 7.2. 2A1.9 was the strongest antagonist of
primary V49V 2 T cell activation, exceeding even 103.2, reducing CD107a, CD25 and CD69
expression below baseline expression levels 2.3. The weak antagonistic potency of 2A1.12
tracked with that seen in Jurkat activation assays 2.3. 2A1.12 also had greater variation
in antagonism potency than other tested mAbs, suggestive of biochemical differences in its
molecular interactions with BTN2A1. 2A1.11 had no effect on primary V~79V2 T cell
activation 2.3, while still binding with appreciable affinity. DaudiA2A1 cells co-incubated
with a-BTN2A1 mAbs did not stimulate primary V49V 62 T cell activation 2.4. T did not

discover a mAb capable of stimulating V9V 2 activation 2.4.

2.2.3 Strong a — BT N2A1 mAb antagonists block V~9V 62 TCR

engagement with BTN2A1 ectodomain

Linking o — BT N2A1 Fab epitopes on the BTN2A1 ectodomain to Fab effects on V9V §2
activation provides potential insights into the molecular architecture of the mature pAg-
signaling complex. BTN2A1 is a binding partner of the V49V 2 T cell Receptor (TCR) and
while binding of its CFG-IgV face to the HV4 germline-encoded region of the V49V 42 TCR
~-chain is not sufficient for pAg-signaling, it is essential 121316 To explore if our antagonistic
a — BT N2A1 mAbs block pAg-signaling by competing for the V49V 62 TCR epitope on
BTN2A1, we tested mAb-TCR competition by using High-Five insect cells expressing full-
length BTN2AT1 on their cell surface. These cells were incubated with 150nM saturating
concentrations of our « — BT'N2A1 mAbs and were then stained with 120nM fluorescently
tagged tetramers of the G115 V9V 2 TCR clone. TCR tetramer staining intensity was

assessed relative to a no mAb, full TCR staining control group. G115 tetramer staining of
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Figure 2.3: V79V )2 activation can be inhibited by a-BTN2A1 mAbs

(Continued on next page).
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Figure 2.3: V~9V$2 activation can be inhibited by a-BTN2A1 mAbs, continued

(Continued from previous page) (A) Inhibition of activation of G115-TCR expressing Jurkat
Jrt-3.3 cells after co-incubation with DaudiWT cells pre-incubated with 5ug/mLM HMBPP
and 6.8 nM (1ug/mLg/mL) a-BTN2A1 mAb or controls (MOPC isotype, 20.1 mAb, 103.2
mADb or Buffer + HMBPP). CD69 expression as a marker of T-cell activation was assessed by
flow-cytometry (gated on isotype antibody) and normalized to Buffer + 5 yM HMBPP con-
dition (Value-Baseline/Baseline). Mean + SD (n=6, 2 independent experiments). Dunnett
test pairwise comparison to — mAb control: ****p<0.0001, ***p<0.0002. (B) Competi-
tion between a-BTN2A1 mAbs and the V49V 2 TCR for binding to BTN2A1 ectodomain
was assessed in High-Five insect cells expressing full-length BTN2A1 stained with 150nM
a-BTN2A1 mAbs or controls (20.1, 103.2, MOPC isotype or Buffer) followed by 120nM
fluorescently-tagged V49V 02-TCR tetramers (G115 clone). TCR tetramer staining was as-
sessed by flow-cytometry (gated on no TCR) and normalized to TCR tetramer, — mAb
condition (Value-Baseline/Baseline). Mean + SD (n=6, 2 independent experiments). Dun-
nett test pairwise comparison to Buffer control: ****p<(0.0001. (C) Correlation between
a-BTN2A1 mAb V~9V 2 antagonism (Baseline-corrected CD69 expression) and V9V 62
TCR-competition (Baseline-corrected TCR tetramer staining) as calculated by simple linear
regression (R2 =0.136, p = 0.1944). Strong and weak TCR blocking designated as lower
and upper half of the range of TCR tetramer staining, respectively. TCR inhibition clas-
sified based on p values described in (A). (D) Inhibition of activation of V49V §2 T-cells
expanded from primary PBMCs after co-incubation with DaudiWT cells pre-incubated with
5uM HMBPP and increasing concentrations of a-BTN2A1 mAb or controls (MOPC iso-
type, 103.2 mAb or Buffer + HMBPP). CD25 (top), CD107a (middle) and CD69 (bottom)
expression as markers of T-cell activation were assessed by flow-cytometry (gated on isotype
antibody). Mean + SD (n=3). (E) V19Vé2 TCR competition with a-BTN2A1 Fab or
control (20.1 Fab) with for binding to BTN2A1 ectodomain assessed by BLI, normalized.
Immobilized Biotinylated BTN3A1 was exposed to 1.66uM Fab followed by 2.66M Fab +
80uM TCR (G115 clone). Step 2 binding (nm) of TCR to Biotinylated BTN2A1 ectodomain
in the presence of Fab was normalized to Fab alone binding (nm) at the end of Step 1.

BTN2A1 was reduced to varying degrees in the presence of every a — BT’ N2A1 mAb 2.3.
Addition of certain mAbs (2A1.9, 2A1.14, 2A1.8 and 2A1.7) had a greater effect on TCR
tetramer staining of BTN2A1 2.3, potentially indicative of a larger overlapping mAb:TCR
epitope on BTN2A1. Interestingly, a group of antibodies including 2A1.12 dramatically
reduced TCR tetramer staining of BTN2A1 but did not exhibit G115 antagonism in our
cellular assays. The G115 tetramer had no background staining on High-five insect cells
expressing the control transmembrane protein ADLRG3 2.5.

The mAb:TCR competition for BTN2A1 binding was validated for representative Fabs
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using BLI 2.3 2.5. BTN2A1 ectodomain was immobilized and exposed first (1) to a —
BTN2A1 Fab at 66uM for 150 seconds (s) followed by (2) 66uM Fab mixed with 80uM
monomeric G115 V49V 2 TCR clone for 150s. Fab was included in the TCR association
step (2.) to prevent Fab dissociation from masking TCR association. The 20.1 Fab, as
control, was used to determine maximum TCR binding 2.5. The results from this biophysical
epitope competition tracked with that assessed in High-Five insect cells: 2A1.9 completely
blocked V49V §2 TCR association with BTN2A1 ectodomain 2.3 2.5 2A1.12 and 2A1.13 also
dramatically reduced V9V 92 TCR association with BTN2A1 ectodomain 2.3 2.5 and 2A1.4
and 2A1.11 did not reduce V9V 2 TCR association with BTN2A1 ectodomain 2.3 2.5.
To understand the relationship between V~9V§2 antagonism and TCR competition po-
tency we classified the mAbs based on their potency of V49V 42 antagonism and TCR com-
petition 2.3. A class of strongly antagonistic mAbs that dramatically reduce TCR:BTN2A1
staining emerged 2.3, represented by the 2A1.9 mAb. Another class of mAbs substantially
reduced TCR staining of BTN2A1 but did not reduce V~9V§2 activation 2.3) represented
by the 2A1.12 mAb. The third class of mAbs weakly blocked TCR binding to BTN2A1 but
had neutral effects on V49V 02 activation 2.3) represented by the 2A1.11 mAb. Although no
mAbs had strong antagonistic properties without blocking the TCR 2.3, the 2A1.4 mAb sig-
nificantly reduced V~9V§2 activation and was the weakest TCR blocker 2.3 suggesting that
it may have a mechanism of antagonism different from direct TCR competition for BTN2A1
binding. The largely nonlinear relationship between VA9V §2 antagonism and TCR com-
petition 2.3 prompted us to pursue structural determination of Fab:BTN2A1 complexes to

assess how mAb epitopes contributed to V49V §2 antagonism.
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Figure 2.4: Supporting data for V19V )2 activation assays
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Figure 2.4: Supporting data for V79V 2 activation assays, continued

(Continued from previous page) (A) Activation of G115-TCR expressing Jurkat Jrt-3.3 cells
after co-incubation with DaudiWT cells pre-incubated with 6.8nM (1pg/mL) a-BTN2A1
mAD or controls (MOPC isotype, 20.1 mAb, 103.2 mAb, Pamidronate or Buffer + HMBPP).
CD69 expression as a marker of T-cell activation was assessed by flow-cytometry (gated on
isotype antibody) and normalized to Buffer condition (Value-Baseline/Baseline). Dunnett
test pairwise comparison to Buffer control: *p<0.0332, ****p<(0.0001. (B) Activation of
G115-TCR expressing Jurkat Jrt-3.3 cells after co-incubation with DaudiA3A1 cells pre-
incubated with 6.8nM (1ug/mL) a-BTN2A1 mAb or controls (MOPC isotype, 20.1 mAb,
103.2 mAb, Pamidronate or Buffer + HMBPP). CD69 expression as a marker of T-cell
activation was assessed by flow-cytometry (gated on isotype antibody) and normalized to
Buffer condition (Value-Baseline/Baseline).. Dunnett test pairwise comparison to Buffer
control: ****p<0.0001. (C) Inhibition of activation of G115-TCR, expressing Jurkat Jrt-
3.3 cells after co-incubation with DaudiA3A1 cells pre-incubated with 5ug/mLM HMBPP
and 6.8nM (1ug/mL) a-BTN2A1 mAb or controls (MOPC isotype, 20.1 mAb, 103.2 mAb
or Buffer + HMBPP). CD69 expression as a marker of T-cell activation was assessed by
flow-cytometry (gated on isotype antibody) and normalized to Buffer + 5 yM HMBPP
condition (Value-Baseline/Baseline). Dunnett test pairwise comparison to — mAb control:
% p<0.0001. (D) Inhibition of activation of V49V 2 T-cells expanded from primary
PBMCs after co-incubation with DaudiA2A1 cells pre-incubated with 5ug/mLM HMBPP
and increasing concentrations of a-BTN2A1 mAb or controls (MOPC isotype, 103.2 mAb
or Buffer + HMBPP). (D) CD25, CD107a, CD69 expression as markers of T-cell activation
were assessed by flow-cytometry (gated on isotype antibody). Mean + SD (n=3).
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Figure 2.5: Supporting data for a-BTN2A1 reagent competition with V7912

Time (s)

TCR for binding to BTN2A1

(A) Gating strategy for a-BTN2A1 mAbs - V49V 62 TCR competition assays. V9V 2 TCR
Tetramer positive gate drawn to 1% positive staining in — mAb condition. (B) Competition
between a-BTN2A1 mAbs and the VA9V §2 TCR for binding to BTN2A1 ectodomain was
assessed in High-Five insect cells expressing full-length ADLRG3 control transmembrane
protein stained with 150nM a-BTN2A1 mAbs or controls (20.1, 103.2, MOPC isotype or

Buffer) followed by 120nM fluorescently-tagged V49V §2-TCR tetramers (G115 clone). TCR

tetramer staining was assessed by flow-cytometry (gated on no TCR). Mean + SD (n=6, 2

independent experiments).
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Figure 2.5: Supporting data for competition assays between a-BTN2A1 reagent
competition with V~9V 2 TCR for binding to BTN2A1, continued

(Continued from previous page) (C) Biotinylated BTN3A1 immobilization on streptavidin
biosensor assessed by BLI, colored by reagent subsequently tested (representative of 2
independent experiments). (D) a-BTN2A1 Fab or control (20.1 Fab) competition with
VA9V 2 TCR for binding to BTN2A1 ectodomain assessed by BLI. Immobilized Biotiny-
lated BTN3A1 was exposed to 1. 66uM Fab followed by 2. 66uM Fab + 80uM TCR (G115
clone). 20.1 (top-left), 2A1.9 (top-middle), 2A1.4 (top-right), 2A1.13 (bottom-left), 2A1.12
(bottom-middle) and 2A1.11 (bottom-right) were assessed.
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CHAPTER 3
MAPPING THE EXTRACELLULAR ARCHITECTURE OF
THE PAG SIGNALING COMPLEX WITH o-BTN2A1
ANTIBODIES

3.1 Introduction

Understanding the overall binding orientation, docking angle and molecular contacts be-
tween a-BTN2A1 binders and the BTN2A1 extracellular domain can provide insight into
the complex relationship between the V49V 92 antagonism potency and V9V §2 TCR. block-

ing potency of the mAbs in my panel.

3.2 Results

3.2.1 Complex structure shows 2A1.9 Fab sequestering critical residues in

the VA9V 02 TCR epitope on BTN2A1

To better understand the molecular underpinnings of mAb antagonism of V49V 2 TCR,
a 2.8A structure of 2A1.9 Fab in complex with monomeric BTN2A1 ectodomain C219S
(BTN2A1 ectodomain) was solved by X-ray crystallography 3.1 3.1a. Specific molecu-
lar contacts between the 2A1.9 Fab and the BTN2A1 ectodomain were identified using
PDB-ePISA*? and cep4-Contact*. 2A1.9 Fab bound to the IgV-like domain of BTN2A1
ectodomain utilizing all CDR loops except CDRL2 to make molecular contacts with residues
located throughout BTN2A1 C”, C’, C, F, and G /beta strands (CFG-face) 3.1. The total
Buried Surface Area (BSA) on the BTN2A1 ectodomain was 964.6 A, the Fab heavy chain
contributing 658.6 A and Fab light chain contributing 306.0 A. The 2A1.9 Fab formed 15
Hydrogen-bonds (HB) and salt-bridges (SB) with BTN2A1 ectodomain 3.2, 7 of which in-
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Figure 3.1: Structure of 2A1.9 Fab in complex with BTN2A1 ectodomain pro-
vides insight into TCR-competition mechanism of V79V 2 Antagonism.
(A) Structure and surface representation of BTN2A1 ectodomain complexed with antag-
onistic 2A1.9 Fab as determined by X-ray Crystallography (PDB: 8VC7) (B) CFG Face
of BTN2A1 ectodomain showing key residues implicated in V49V 82 activation3 or TCR
binding3? and docking orientation of 2A1.9 Fab CDR loops. (C) Surface representa-
tion of BTN2A1 ectodomain with residues contacting 2A1.9 Fab (orange), V19V 2 TCR
(PDB:8DFW)32 (green) or both (olive) highlighted. (D) Surface representation of BTN2A1
ectodomain with residues contacting 2A1.9 Fab (orange), crucial for V49V §2 activation as
assessed by mutagenesis'3 (red) or both (pink) highlighted. (E-G) Molecular contacts of
2A1.9 Fab with BTN2A1 residues implicated in VA9V 2 activation!® or TCR binding>?
as assessed by PDB-ePISA and Contact-ccp4. Highlighted residues of BTN2A1 IgV do-
main bound to 2A1.9 Fab (light grey) or V49V §2 TCR (dark grey) are shown. (E) Glul07
and Arg96 (F) Tyr98, GIn100 and Tyrl05 (G) Phe43 and Ser44 are shown. HB (distance

<3.5A) and SB (distance <4.5A) depicted in black, vdW (distance <4A) depicted in yellow.
If residue contact involves both HB/SB and vdW only HB/SB is shown.

29



Table 3.1: Crystallography data collection and refinement statistics

(a) [vdW: van der Waal contact (distance < 4 A); H: hydrogen bond (distance < 3.5 A) SB: salt
bridge (distance < 4.5 A, polar interaction between oppositely charged atoms)]

2A1.9 - 2A1 ecto

PDB ID code 8VC7

Data Collection

Radiation Source SSRL 14-1
Wavelength (&) 1.195
Resolution range (&) 39.46 - 2.76 (2.83 - 2.76)
Space group P 212121
Unit cell 44.915 200.976 206.684 90 90 90
Data Processing

Total reflections 441063
Unique reflections 49406 (3511)
Multiplicity 8.9
Completeness (%) 99.80 (100.00)
Mean I/sigma(I) 7.2

Wilson B-factor 42.85
R-merge 0.272

R-meas 0.289

R-pim 0.095

cc1/2 0.99

cCc*

Data Refinement

Reflections used in refinement 49406 (3511)
Reflections used for R-free 1998 (136)
R-work 0.2184 (0.3430)
R-free 0.2602 (0.3822)
CC(work)

CC(free)

Number of non-hydrogen atoms 9797
macromolecules 9727

ligands 70

solvent 0

Protein residues 1288

Nucleic acid bases

RMS(bonds) 0.009
RMS(angles) 1.14
Ramachandran favored (%) 96.86
Ramachandran allowed (%) 2.91
Ramachandran outliers (%) 0.24

Rotamer outliers (%) 3.83
Clashscore 6.12

Average B-factor 38.63
macromolecules 38.46

ligands 62.13

solvent
Number of TLS groups

volved residues in the CDRH3 loop. These stable contacts were strengthened through 154
calculated van der Waals (vdW) interactions between both sidechain and main-chain atoms
of 2A1.9Fab CDR loop and BTN2A1 ectodomain CFG-face residues 3.2. Due to the abun-
dance of vdW interactions, representative contacts were chosen for each residue pair when
multiple atoms formed vdW interactions for visual clarity.

We first mapped the binding footprints of the 2A1.9 Fab and the VA9V §2 TCR32 on
the BTN2A1 ectodomain 3.1. Consistent with our cellular and biophysical results, the
epitopes of the 2A1.9 Fab and the V~49V 2 TCR overlapped substantially, with the 2A1.9
Fab sequestering all but 3 residues in the interface between the VA9V 2 TCR and the

BTN2A1 ectodomain 3.1. The 2A1.9 binding footprint also included critical residues for
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Table 3.2: Molecular contacts between 2A1.9 Fab and BTN2A1 ectodomain

2A1.9 Fab Residue BTN2A1 residue Type
CDRI1 Light

Ser30 (OG) Asp33 (OD1) HB
Ser30 (OG) Glu32, Asp33, Gly52, Gly53 VAW
Ser31 Asp33 Vdw
Ala32 Gly52 VAW
CDR2 Light

Tyr49 Gly102, Argl03 VAW
Ser53 Gly102, Argl03 Vdw
CDR3 Light

Ser91 (O) Argh6 (NH2) OB
Ser91 (O) Argh6 VdwW
Ser92 (O) Argb4 (NE) HB
Ser92 (OG) Gly52 (0) HB
Ser92 Glyb52, Argh4 VAW
Other Light

Arg66 (NH1) Asp33 (OD2) HB, SB
Arg66 (NH1) Asp33 Vdw
CDR1 Heavy

Tyr30 Gln42, Pro45 VdwW
Ser31 Ser44 VAW
CDR2 Heavy

Tyr50 (OH) GIus8 (OE2) OB
Tyr50 (OH) Glu58 Vdw
Tyr52 (OH) Glu58 (OE2) HB
Tyr52 (OH) Glu58, Glu59 Vdw
Serb54 Pro45 VAW
Ser55 (OG) Glu58 (O) HB
Ser55 (OG) Glu58, Arg65 VAW
Tyr57 Thr57, Glub8, Arg65 Vdw
CDR3 Heavy

Tyr101 Phe43, Ser44, Glu59 VdW
Thr102 Phe43 VAW
Argl03 (NE) Glu107 (OE1, OE2) HB, SB
Arg103 (NH2) Glu107 (OE1, OE2) HB, SB
Argl03 Phe39, Phed3, Arg96, Tyr98, Glul07 VAW
Gly104 (N) Tyr98 (OH) HB
Gly104 (N) Tyr98, Gln100, Tyrl05 VAW
Tyr105 (OH) Glu35 (OE1) HB
Tyr105 (OH) Lys 51 (NZ) HB
Tyr105 (O) GIn100 (NE2) HB
Tyr105 Glu35, Phe43, GIn100 VAW
Asp107 (OD1, OD2)  Lys51 (NZ) SB

pAg-signaling 3.1 identified through rational mutagenesis based on structural models of the
BTN2A1:TCR complex!3. To compare the structural and molecular differences in BTN2A1
when bound to either the 2A1.9 Fab or the V49V 42 TCR I aligned the BTN2A1 IgV domain
in our complex structure with that in the structure of the BTN2A1 ectodomain in complex
with the V49V 62 TCR (PDB: 8DFW)32. The angle between the BTN2A1 ectodomain IgV
and IgC domains was altered 7.3° when bound to the 2A1.9 Fab versus the V49V 2 TCR 3.1.
I then analyzed critical BTN2A1 residue side chain orientations and molecular contacts with
the 2A1.9 Fab. Residues that formed electrostatic interactions with the V49V 62 TCR32 or
had been shown by mutagenesis to be critical for pAg—signalinng were highlighted. R96 and

E107 bind the V49V 62 TCR32 and mutagenesis of these residues abrogates pAg-signaling13.
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The 2A1.9 Fab residue R103 forms a network of HB and vdW interactions with these residues
and alters the position of E107 3.1, likely contributing to the high affinity of the 2A1.9 Fab
for BTN2A1 as well as its antagonism potency. BTN2A1 Y98, Q100, and Y105 contact the
VA9V 2 TCR and the mutagenesis of residues Y98 and Y105 either abrogate or reduce pAg-
signaling, respectively3. The 2A1.9 Fab contacts these three residues through G104 and
Y105 in its CDRH3 loop via main and sidechain HB and vdW interactions 3.1. BTN2A1 F43
and S44 bind the V49V §2 TCR32 and S44 has been implicated in pAg-signaling through
mutagenesis'®. The 2A1.9 Fab uses side- and main-chain atoms in CDRH3 and CDRH1
residues to sequester F43 and S44 through extensive vdW interactions 3.1. Altogether these
data establish that the mechanism by which 2A1.9 antagonizes V~9V 2 activation is by
direct competition with the Vy9V 42 TCR for BTN2A1 binding.

3.2.2  Preliminary Complex Structures of BTN2A1 with 2A1.4 and 2A1.11
Fabs reveal insight into molecular features governing BTN2A1’s role

in pAg-signaling

2A1.9 2A14 2A1.11 2A1.12

Data Collection

Microscope Krios Krios Krios Glacios
Magnification 81,000 81,000 81,000

Voltage (kV) 300 300 300 200
Electron Exposure (e-/A2)  1.12 1.12 1.12 1.12
Pixel Size (A) 1.068 1.065 1.065 0.868
Data Processing

Symmetry C1 C1 C1 C1
Micrographs Used 500 1988 5438 042

Initial Particle Images (No.) 138,922 2,070,171 3,051,337 221026
Final Particle Images (No.) 32,636 178,142 289,154  N/A
Reference map (PDB ID) S8DFW  8DFW 8DFW N/A
Estimated resolution (A) 9.6 10.7 9.5 N/A

Having verified the importance of the BTN2A1 epitope shared between 2A1.9 and the
32



a 2A1.9

O
AN

2A1.9 ---YYY

————IFY
2A1.11[BHTEYWMY Y
2A1.12|- - - - |EY
2A1.13[BHYYYYYY

Figure 3.2: Docking orientations of 2A1.4 and 2A1.11 o-BTN2A1 Fabs on
BTN2A1 are similar to 2A1.9.

(A)Models of Fabs 2A1.9 (left), 2A1.4 (middle) and 2A1.11 (right) in complex with the
BTN2A1 ectodomain dimer. Models were generated by fitting the BTN2A1 dimer (PDB
ID: 8DFW; Chain A,B) and a mulgG1 Fab complexed with a nanobody (PDB ID: 7P1J) into
respective volume maps at 9.3A, 10.7A, and 9.5A, respectively, acquired by single-particle
cryo-electron microscopy. (B) Alignment of 2A1.4 and 2A1.11 with 2A1.9 Fab Complex
volume maps. (C) Putative docking angles of models of the 2A1.9, 2A1.4 and 2A1.11 Fabs
on the BTN2A1 ectodomain with nanobodies and one Fab removed for clarity aligned by
the BTN2A1 IgV domain. Docking angles in the plane perpendicular to the cell membrane
were calculated using the CA of BTN2A1 Cys97, GIn100 and Fab heavy-chain Cys92 in
ChimeraX. (D) Alignment of a-BTN2A1 CDRH3 loops.
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VA9V 2 TCR in VA9V 2 activation, I wished to understand whether other epitopes on
BTN2A1 were critical for pAg signaling. I thus pursued structural determination of 2 ad-
ditional Fabs in complex with the BTN2A1 ectodomain dimer (BTN2A1 dimer) and an
anti-Fab nanobody via single-particle Cryo-electron microscopy ??. I prioritized the mAbs
most likely to have a non-overlapping epitope with the V9V §2 TCR due to discrepancies
in their V49V 2 antagonism and TCR blocking abilities. The 2A1.4 mAb is the poorest
TCR blocker but significantly inhibits VVy9V 2 activation more potently than stronger TCR
blockers and the TCR blocking mAb 2A1.11 has insignificant effects on V9V 2 activation
2.3. I collected datasets of the 2A1.4, 2A1.11 and 2A1.9 Fabs in complex with the BTN2A1
dimer and a stabilizing/bulking anti-Fab nanobody and generated maps at 9.3, 10.65 and
9.5A resolutions, respectively 3.2. Structures of the BTN2A1 ectodomain (PDB ID: 8DFW,
Chain A-B) and a mulgGl Fab complexed with a nanobody (PDB ID: 7P1J) were then
modeled into the low resolution maps using ChimeraX%. At these resolutions I are able to
compare the Fab docking angles and overall conformation of binding to BTN2A1 3.2. The
docking orientation and angle of both the 2A1.11 and 2A1.4 Fabs are remarkably similar to
that of the 2A1.9 Fab 3.2. The 2A1.9, 2A1.4 and 2A1.11 Fabs bind to BTN2A1 at an angle
of 157.6°, 147.9° and 152.3° respectively in the plane perpendicular to the cell membrane 3.2.
These data suggest that the epitopes of 2A1.4 and 2A1.11 on BTN2AT1 likely overlap with
that of 2A1.9 and subsequently the V49V §2 TCR. However, the different abilities of 2A1.4,
2A1.11 and 2A1.9 mAbs to antagonize V49V §2 activation and block TCR recognition of

BTN2A1 cannot be explained by the overall docking location of Fabs on BTN2A1.

3.2.3  Molecular intricacies in Fab:BTN2A1 interface may drive the

potency of mAb V9V 2 antagonism

I was curious as to how various mAbs had the ability to sequester the V~49V 92 TCR epitope

on BTN2A1 with variable effects on V49V 2 activation ranging from strong inhibition to
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Figure 3.3: Analysis of the relationship between reagent affinity and mAb phys-
iological property
(A) Baseline-corrected TCR. blocking from 2.3 plotted against mAb or Fab affinity
properties including mAb EC50 of binding to DaudiWT cells, Fab Kp, Fab k4 and Fab kp
from 2.1. (B) Baseline-corrected CD69 expression from 2.3 plotted against mAb or Fab
affinity properties including mAb EC50 of binding to DaudiWT cells, Fab Kp, Fab k4 and
Fab kp from (Supplementary Figure 2). Simple linear regression was calculated with R2
values indicated.
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neutral. To probe whether the physiological properties of mAbs could be characterized
by differences in cellular or biophysical affinity, EC50, Kp, k4 and kp were plotted as a
function of mAb V9V 2 antagonism or TCR blocking potency 3.3. I observed that 2A1.11
and 2A1.4 have 10.7X and 1.7X faster respective k pproperties than 2A1.9 (Supplementary
Table 1) and the strongest antagonists tended to have biophysical affinities (KD) below
1 nM (Supplementary Fig. 11H). However there was no overall correlation between mAb
affinity for BTN2A1 and V9V §2 antagonism or TCR blocking (Supplementary Fig. 11). I
then aligned the CDRH3 loop sequences of a-BTN2A1 mAbs and observed that the R103
and GY motif 3.1 used by the 2A1.9 Fab to sequester critical BTN2A1 residues from the
VA9V 92 TCR were highly conserved in our panel 3.2. Thus, subtle molecular differences in
the interactions between Fab CDR loops and BTN2A1 may play a role in mAb antagonism
potency controlling whether Fab contact with BTN2AT1 persists on the time scale necessary to
compete with V~49V2 TCR binding in a physiological context. Overall our data highlights
the complicated mechanisms by which antibodies bind to and influence the behaviors of their
targets with important implications in the development of antibody-based therapeutics and

research tools.

3.3 Discussion and Conclusions

Our novel BTN2A1 antibodies either antagonized or had no effect on V49V 42 antagonism,
consistent with reagents developed by the Uldrich!2 and Olive®? groups. This suggests that
the primary role BTN2AT1 serves is to coordinate the formation of the pAg signaling complex
as a central protein covered in critical epitopes for binding the V~9V 2 TCR. Our high
resolution structure of the 2A1.9 Fab bound to BTN2A1 shows 2A1.9 utilizing a complex
network of electrostatic interactions to bind residues critical for the interaction between the
VA9V 2 TCR and BTN2A1. This extensive network of hydrogen bonds and van der Waals

interactions allows 2A1.9 mAb to potently antagonize VA9V 2 activation by sequestering

36



the V49V 2 TCR epitope on BTN2A1. Our low resolution structural data on the 2A1.4 and
2A1.11 Fabs in complex with BTN2A1 suggest a similar binding location and angle to 2A1.9
which is intriguing considering that neither 2A1.4 nor 2A1.11 blocks V~9V 62 TCR binding
and 2A1.11 does not antagonize V79V 2 activation. The affinity between BTN2A1 and the
VA9V 52 TCR is 40 pM 1213 and affinities between TCR hypervariable loops are considered to
be low affinity %0 as well. It is surprising that our neutral or weakly antagonistic a-BTN2A1
Fabs had nM range affinities and yet could not compete with the V49V 42 TCR for binding
to BTN2A1 even as bivalent antibodies which should boost binding strength considerably
due to avidity effects. Though the biophysical principles underlying TCR-signaling are still
poorly understood, it is possible that antibodies with fast off-rates provide enough of an
opportunity for the V49V §2 TCR to bind to BTN2A1 and initiate TCR-mediated signaling.
None of our tested antibody reagents bound non-overlapping epitopes with the V9V 2
TCR, therefore the roles of the ABE face and top membrane distal face of the BTN2A1 IgV
ectodomain as well as the IgC domains remain undetermined. It is possible that additional
epitopes exist to coordinate binding with BTN3A 16 or another TCR CDR loop ligand.
Indeed, an interaction between BTN3A and the BTN2A1 IgV have been suggested through
NMR and FRET experiments conducted by the Willcox!® and Olive®? groups though the

role and necessity of this interaction for pAg signaling is unclear16.
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CHAPTER 4
THE ROLE OF BTN3A CLUSTERING IN V~9V 42
ACTIVATION

4.1 Introduction

The Scotet and Adams groups initially observed immobilization of BTN3A in target cell
membranes prior to target cell — T cell contact dependent on the addition of pAg or 20.1
agonist 2747 The addition of pAg or 20.1 to target cells also drives the formation of BTN3A
puncta on the cell membrane, indicating the formation of BTN3A clusters that may drive
the formation of early immunological synapses2”4". Indeed, BTN3A dramatically localizes
to the target cell - T cell interface in the presence of activating reagents®’. Structural data
from the Adams lab has supported the clustering hypothesis, showing 20.1 binds the IgV C’
and C” strands of BTN3A dimers in a lateral and downward orientation necessitating that
one 20.1 mAb must cluster two BTN3A dimers on the cell membrane in close proximity 2748,
However, the Adams group also found that the 20.1 Fab and scFv could stimulate V9V §2

7 complicating our understanding of the role of 20.1 valency and subsequently

activation?
BTNB3A clustering in V49V 2 activation. I thus set out to learn more about how 20.1 mimics

pAg signaling to stimulate V9V §2s.

4.2 Results

4.2.1 Rational engineering of a-BTN3A mAb 20.1 to probe the role of
BTNS3A clustering in pAg-signaling

It has been hypothesized that 20.1 must multimerize BTN3A dimers when binding BTN3A
bivalently due to its lateral binding orientation?”#8 4.1. This model suggests that 20.1

mimics what happens physiologically, where pAg binding to the intracellular B30.2 domain
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Figure 4.1: Rationally engineered 20.1 agonist mAbs may alter BTN3A multi-
merization

(A) Schematic representing the putative effects of increasing 20.1 inter-Fab distance on
BTN3A1 membrane organization. Left: BTN3A membrane organization under resting con-
ditions. Middle: 20.1WT may cluster and immobilize BTN3A. Right: 20.1 mAb hinge
variants restore BTN3A disorder and diffusion.(B) Schematic representing key features of
modified mADb constructs with hinge-regions lengthened using Glycine-Serine linkers. Left:
Annotated mAb domains. Right: 20.1 and 103.2 variants developed for this study with total
linker lengths (top) and number of added amino acids (bottom). Distances between mAb
inter-heavy chain cysteine bond and Fab CDR loops were estimated as following. The IgV
domains of a mulgG1l Fab (PDB ID:10PG) were aligned to the 20.1 scFv structure (PDB
ID:4F9L). The distance tool in Pymol was then utilized to calculate Fab length between
C-terminal cysteine bond and longest CDR loop of 20.1 (73A). 3.5A was then added to this
value for each hinge amino acid.
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of BTN3A1 may drive BTN3A multimerization, seeding early immunological synapses that
recruit BTN2A1 and ultimately stimulate V49V 2 activation. In order to test this hypoth-
esis, I engineered variants of the 20.1 agonist antibody with increasing hinge region lengths
to test the role of pAg-induced BTN3A1 clustering in pAg signaling 4.1.

I hypothesized that 20.1 derivatives with longer hinge regions would affect the potency of
VA9V 62 agonism due to increasing inter-BTN3A flexibility, membrane-mobility and cluster-
disorder within BTN3A multimers 4.1. 20.1WT is a murine IgG1 antibody with 1 glycine
in its hinge region between the Cys102 forming a disulfide bond with the Fab light chain
and Cysl04 forming the first of 3 inter-heavy chain disulfide bonds. Glycine-serine (GS)
linkers ranging from 4 to 29 amino acids were added to the 20.1 heavy chain hinge region
between Cys102 and Cys104 to generate 20.1 variants (20.1°, 20.1(10), 20.1(15), 20.1(30))
4.1. Each additional hinge-linker amino acid added 3.5A to the radius of diffusion between
two 20.1 Fab:BTN3A complexes, incrementally increasing the radius of diffusion from™150A
in 20.1WT t5'360A in 20.130 by a maximum factor of 2.3X 4.1. GS linkers in these engineered
variants did not affect protein stability nor mAb affinity for biotinylated BTN3A ectodomain

as assessed by Bio-Layer Interferometry (BLI), respectively 7.1 4.2.

4.2.2  20.1 mAb does not trigger V49V 62 by clustering BTN3A

Increasing concentrations of the WT 20.1 mAb, the 20.1 mAb hinge variants or the 20.1
Fab were added to Daudi-Cas9-AAAVS1 (DaudiWT), a B-cell lymphoma target-cell line
that readily activates V9V 2 T cells, or Daudi-Cas9-ABTN3A1 (DaudiA3Al). Jurkat
JRT3.3 T cells expressing the G115 V~9V§2 TCR %) (G115 Jurkats) were then co-incubated
with these mAb-pulsed target-cells overnight and assayed for activation by analysis of CD69
expression via flow cytometry. Increasing inter-Fab distances in engineered 20.1 mAb hinge
variants had minor effects on the EC50 of V9V 2 agonism 4.3 but there was no obvious

trend between the 20.1 mAb hinge region length and V9V 2 activation 4.3 4.4 indicating
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Figure 4.2: Modifying 20.1 hinge region does not affect relative affinity for
BTN3A1

(A) Biotinylated BTN3A1 immobilization on streptavidin biosensor assessed by BLI, colored
by 20.1 variants reagent subsequently tested (representative of 3 independent experiments).
(B) Relative 20.1 variants affinity for Biotinylated BTN3A1 was probed at 1.3 uM by BLI
(representative of 3 independent experiments).
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Figure 4.3: V~+9V§2 activation by 20.1 does not depend on BTN3A clustering
(A-B) Activation of G115-TCR expressing Jurkat Jrt-3.3 cells after co-incubation with (A)
DaudiWT or (B) DaudiA3A1 cells pre-incubated with 20.1 variants at increasing concen-
trations or control (Buffer). CD69 expression as a marker of T-cell activation was assessed
by flow-cytometry (gated on isotype antibody). Means + SD and non-linear regression
with variable slope - four parameters (n=3). (C-D) EC50 and 95% confidence intervals
of V49V62 activation for 20.1 variants incubated with (C) DaudiWT or (D) DaudiA3A1
was calculated by non-linear regression with variable slope - four parameters (R2:0.9706,
0.9920, 0.9744, 0.8868, 0.9843, 0.9857, respectively).
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Figure 4.4: V79V )2 activation by specific concentrations of 20.1 variants
(A) Activation of G115-TCR expressing Jurkat Jrt-3.3 cells after co-incubation with
DaudiWT'T cells pre-incubated with 20.1 variants at specific concentrations from 4.3. Mean
+ SD (n=3). Dunnett test pairwise comparison to 20.1WT: ****p<0.0001, ***p<0.0002,
#45<0.0021, *p<0.0332, ns p>0.1234.
that tight clustering and multimerization of BTN3A likely is not the driving factor in 20.1
mADb agonism of V49V §2 activation. The 20.1 Fab has an infinite radius of diffusion and, as
previously reported??, retains the ability to activate V49V 62 T cells with reduced potency
4.3 4.4. The WT 20.1 mAb, 20.1 mAb hinge variants and the 20.1 Fab were mildly agonistic
when incubated with DaudiA3A1 target cells, likely due to interactions with BTN3A2 and
BTN3AS3 4.4, expression of which was retained in this cell line. These data suggest that 20.1
agonism of V9V 2 activation is driven by the molecular or steric effects of 20.1 contact

with BTN3A. Indeed, BTN3A1 residues bound by both the 20.1 agonist mAb and a-BTN3A

agonist mAb CTX2026 are directly adjacent to a recently reported pAg-signaling hotspot 16.

4.3 Discussion and Conclusions

Prior to this work, it was unclear whether antibody valency or steric hinderance enabled
20.1 to stimulate V79V 2 activation. To tease apart two potential mechanisms by which
20.1 mAb stimulates possibilities, I engineered the hinge region of 20.1 to generate variants

with increasingly longer inter-Fab distances. I hypothesized that if clustering of BTN3A was
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critical for pAg signaling, altering the architecture of BTN3A clusters with 20.1 variants
would affect V9V 2 activation. I found lengthening the 20.1 hinge region had no effect
on V9V 2 activation and confirmed that 20.1 Fab was a less potent agonist of V49V 92
activation. Altogether, this suggests that 20.1 mAb may indeed cluster and immobilize
BTN3AT1 on the cell membrane, but these are not the mechanisms by which 20.1 mimics pAg-
induced changes in BTN3A to trigger V79V 2 activation. Instead, an allosteric mechanism
in which contact between 20.1 and the BTN3A ectodomain alone is crucial for 20.1 agonism
or a steric mechanism by which 20.1 occludes an inhibitory epitope on BTN3A may be more
likely. Indeed, this model is supported by data recently published by the Willcox group
in which an antigenic hotspot on BTN3A1 critical for pAg signaling to the MOP clone of
the V49V 62 TCR lies directly adjacent to the 20.1 epitope on BTN3A116. 20.1 binding to
BTN3A1 may allosterically alter this antigenic hotspot enabling the recruitment of a V49V §2
TCR ligand or binding to the V49V 2 TCR itself. I have utilized the reagents developed in
this work to improve our understanding of the molecular events driving pAg signaling. While
this knowledge may eventually aid in the improvement of V49V §2 immunotherapies, these
reagents themselves can be useful in a clinical setting. The 20.1 antibody is already being
explored as an immunotherapy adjuvant 22 and I report a small but significant improvement

on its agonist properties with the addition of 4 amino acids to its hinge region (4.4).
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CHAPTER 5
THE ROLE OF BTN3A CONFORMATIONAL CHANGE IN
V~9V 52 ACTIVATION

5.1 Introduction

Understanding how 103.2 mAb antagonizes Vy9V §2 activation will provide critical insights
into the mechanism of pAg signaling. Structural data suggests that 103.2 binds the top
of V-shaped BTN3A dimers in a 1:1 orientation, potentially sterically hindering a critical
interaction with a T cell binding partner. Complicating this theory is the fact that the
103.2 single-chain version (103.2scFv) cannot antagonize V9V §2 activation’. Though the
bulkiness of the Fc¢ domain in 103.2WT may be necessary for steric hindrance, it is also

possible that valency is key to 103.2 antagonism.

5.2 Results

5.2.1 Rational engineering of a-BTN3A mAb 105.2 to probe the role of

BTNS3A extracellular conformation in pAg-signaling

Our previous structural analysis27 demonstrated that the 103.2 Fab binds to the top of a
BTN3A monomer potentially sterically hindering a critical interaction with a T cell binding
partner. Complicating this theory is the fact that the 103.2 single-chain version (103.2
scFv) cannot antagonize V9V §2 activation.2” Though the bulkiness of the Fc domain in
the 103.2 mAb may be necessary for steric hindrance, it is also possible that valency is
key to 103.2 antagonism due to its overall low binding affinity of 15 nM.%7 Our original
analysis of our complex structure between the 103.2 scFv and BTN3A (PDB ID: 4F9P)
used a model derived from IgGs that had long, flexible linkers between the Fab and Fc

domains.2” Based on this analysis, we concluded that the 103.2 mAb would be able to
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Figure 5.1: Monovalent binding of 103.2 to BTN3A1 likely induces conforma-
tional torsion

(A) Structural alignment of BTN3A1 in complex with the 103.2 single-chain-variable-
fragment (scFv) (PDB ID: 4F9P) with 2 mouse IgG1l Fragment antibodies (Fab) (PDB
ID: 1BAF) and ColabFold models of the murine IgG1 Hinge region. Distance between
heavy-chain cysteine residues forming each terminal Fab disulfide bond (yellow) is denoted
by *. The first hinge-region inter heavy-chain cysteine residues shown in blue. The range
of orientations of BTN3A1 IgV in relation to BTN3A1 IgC and Fab IgV in relation to Fab
IgC determined by structural alignment are indicated. (B) Schematic representing key fea-
tures of modified mAb constructs with hinge-regions between Fab and hinge disulfide bonds
lengthened using Glycine-Serine linkers.
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Figure 5.2: Modyfing 103.2 hinge region has subtle effects on relative affinity for
BTN3AL1.

(A) Biotinylated BTN3A1 immobilization on streptavidin biosensor assessed by BLI, colored
by 103.2 variants reagent subsequently tested (representative of 3 independent experiments).
(B) Relative 103.2 variants affinity for Biotinylated BTN3A1 was probed at 1.3 uM by BLI
(representative of 3 independent experiments).
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bind one BTN3A dimer, with each Fab engaging with one BTN3A monomer in an overall
1:1 stoichiometry (mAb to BTN3A dimer). We have since re-analyzed this complex in the
context of the functional 103.2 IgG isotype (mulgGl), which has a much more restricted
length and flexibility of 7A in the hinge region between the Fab and Fc domains (Fig. 2A).
To do this, we aligned the 103.2 scFv with 5 full-length murine IgG1 Fabs 7.1 and observed
that the distance between the heavy chain cysteines that form the final interchain disulfide
bond of the Fab are between 79-113A apart 5.1 7.1, a distance that the hinge region must
bridge in a bi-valent mAb. Therefore there is either significant flexibility in the BTN3A
monomers between their IgV and IgC domains, or the 103.2 mAb must engage the BTN3A
dimer with a 1:2 stoichiometry (one 103.2 mAb to 2 BTN3A dimers). In the first scenario,
we have previously shown that while the [gC domains of BTN3A have negligible structural
flexibility when dimerized, the IgV domains can rotate up to 20 A at the point of the
linker between the IgV and IgC27 5.1. Including the general flexibility of 10A between Fab
IgV and IgC domains 5.1 7.1, our model positions the 103.2 mAb within 11.5A of being
capable of monovalently binding to BTN3A. If monovalent (1:1) binding between 103.2 and
BTNB3A is possible, substantial torsional force on the BTN3A IgV domains would be required,
potentially locking them in an inactive conformation. Alternatively, bivalent 103.2 binding
to BTN3A may also influence the conformational flexibility of BTN3A dimers preventing the
propagation of intracellular pAg-binding information through JMs to BTN3A extracellular

10

domains, ultimately influencing BTN3A interactions between heterodimers™” or with other

proteins such as 2A1.

5.2.2 «a-BTN3A mAb 103.2 does not antagonize V9V 02 activation

through BTNS8A conformational constraint

To test these models, we hypothesized that 103.2 variants with longer hinge regions (103.25,

103.210, 103.215, 103.230) would reduce conformational torsion on BTN3A extracellular do-
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Figure 5.3: V79V 2 activation by 103.2 does not depend on BTN3A conforma-

tional constraint

(a-b) Inhibition of activation of G115-TCR expressing Jurkat Jrt-3.3 cells after co-incubation
with (a) DaudiWT or (b) Daudi A3A1 cells pre-incubated with 5uM HMBPP and 103.2
variants at increasing concentrations or controls (Buffer + HMBPP). CD69 expression as
a marker of T cell activation was assessed by flow-cytometry (gated on isotype antibody).
Means + SD and non-linear regression with variable slope - four parameters (n=3). (c) IC50
of inhibition and 95% confidence intervals for 103.2 variants was calculated by non-linear
regression with variable slope - four parameters (R220.9501, 0.9508, 0.9273, 0.9396, 0.8086,

0.3131 respectively).
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mains 5.1, potentially altering the potency of 103.2 antagonism of V49V 62 T cells. Therefore,
the 103.2 mAb hinge region was modified as described for the 20.1 mAb hinge variants 4.1
5.1. As with the 20.1 mAb hinge variants, GS linkers in the 103.2 mAb hinge variants did
not affect protein stability as assessed by SDS-PAGE gel electrophoresis although we noted
a minor increase in their relative affinity for biotinylated BTN3A1 ectodomain as assessed
by BLI 7.1.

Increasing concentrations of the 103.2 mAb hinge variants or the 103.2 Fab were added to
DaudiWT or DaudiA3A1 in the presence of 5/muM HMBPP. While DaudiWT are capable
of activating V~9V62s without exogenous pAg2*, addition of exogenous pAg boosts the
potency with which DaudiWT stimulate V9V 2 activation thus increasing the dynamic
range of inhibition assays. G115 Jurkats were then co-incubated with mAb + pAg-pulsed
target-cells overnight and assayed for activation by analysis of CD69 expression via flow
cytometry. Increased inter-Fab distances in 103.2 hinge variants had no significant effect
on the potency or maximum 5.3 of V49V 2 activation. The 103.2 Fab has an infinite
radius of diffusion and cannot antagonize V~9V§2 activation 5.3. Our data suggest that
the mechanism of 103.2 antagonism does not involve releasing conformational constraint on
BTN3A ectodomains or multimerizing BTN3A. We therefore posit that the importance of
the 103.2 mAb bivalent engagement of BTN3A in V49V §2 antagonism may be due to its
higher avidity or the added steric bulk of a mAb over Fab or scFv reagents. Higher avidity
or steric hindrance may enable the 103.2 mAb to successfully compete with a yet unknown

ligand of BTN3A.

5.3 Discussion and Conclusions

In contrast to 20.1, the 103.2 mAb cannot function as an scFv and is incapable of antagonizing
VA9V 62 activation2”. We hypothesized that valency was thus critical to the function of 103.2

as an antagonist and that antagonism may occur through conformational constraint imposed
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Figure 5.4: V~9V§2 activation by specific concentrations of 103.2 variants
(a)Activation of G115-TCR expressing Jurkat Jrt-3.3 cells after co-incubation with
DaudiW'T cells pre-incubated with 103.2 variants at specific concentrations from 5.3. Mean
+ SD (n=3). Dunnett test pairwise comparison to 103.2WT: ****p<0.0001, ***p<0.0002,
**p<0.0021, *p<0.0332, ns p>0.1234.
on the ectodomains of BTN3A dimers by 103.2 5.1. To test this hypothesis, I engineered
the hinge region of 103.2 to generate variants with increasingly longer inter-Fab distances
4.1. We hypothesized that if the conformational constraint of BTN3A by 103.2 prevents
pAg signaling, releasing this conformational constraint with 103.2 variants would restore
VA9V 2 activation. The potency of 103.2 antagonism was unaffected by the modification
of inter-Fab distances 5.3 even at distances predicted to apply no torsional force to the
BTN3A ectodomain 5.1. Thus 103.2 does not antagonize V9V 2 activation by locking
BTN3A ectodomains in an inactive conformation. The inability of 103.2 Fab 5.3 and scFv27
to antagonize V9V 2 activation suggests an antagonism mechanism of steric hindrance of
rather than direct competition for a critical epitope on BTN3A. 103.2 binds to the top of
the IgV domain of BTN3A dimers 5.1 6.127 suggesting that 103.2 sterically occludes access
to epitopes on the rest of the BTN3A ectodomain when bound. Indeed, the loss of the Fc
domain and bivalent avidity may explain why the 103.2 Fab and scFv are incapable of steric
occlusion and subsequent VA9V §2 antagonism in contrast to full-length 103.2. Together
my findings suggest that the tertiary extracellular structure of the pAg signaling complex is

quite sensitive to both allosteric and steric perturbation.
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CHAPTER 6
CONCLUSION AND FUTURE DIRECTIONS

6.1 Key findings

6.1.1 Summary of findings

Disentangling the cellular and molecular events of pAg signaling has challenged molecular
immunologists for over a decade[17]. In this work, I utilize rationally modified in addition to
novel antibodies against key proteins in the pAg signaling complex to resolve long-standing
questions about the cellular and molecular events that trigger V79V 2 activation. First,
I demonstrate that BTN3A1 multimerization and clustering does not drive pAg signaling.
Second, I show that antagonism of V79V 2 activation with the 103.2 mAb is not driven
by the conformational constraint of BTN3A1. We then developed novel antibodies against
BTN2A1 to better understand the extracellular contribution of BTN2A1 to the pAg signal-
ing complex. Antibodies binding to BTN2A1 had either antagonistic or neutral effects on
VA9V 62 activation. Our 2.8A crystal structure of the 2A1.9 Fab with BTN2A1 ectodomain
shows that the 2A1.9 mAb antagonizes V9V §2 activation by blocking the V79V §2 TCR
epitope on BTN2A1. Intriguingly, other a-BTN2A1 binders competed with the V~y9V 2
TCR for BTN2A1 binding but did not antagonize V9V 2 activation and the 2A1.4 binder
VA9V §2 antagonist did not block TCR binding. We thus pursued structural determination of
additional a-BTN2A1 Fabs in complex with the BTN2A1 ectodomain to better map critical
epitopes on BTN2A1. Our preliminary, low resolution structural data of the weak antago-
nist 2A1.4 and neutral 2A1.11 Fabs in complex with BTN2A1 ectodomain show intriguingly
similar docking angles of Fab on BTN2A1. This suggests that unique molecular interfaces
and subsequent affinities between antibodies and BTN2A1 drives antagonism potency and
that the primary role of BTN2A1 in pAg signaling is to bind the V49V 2 TCR. BTN2A1

may ultimately serve to propagate information about pAg-BTN3A1 binding from the target
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Figure 6.1: Epitopes of interest on BTN3A1 ectodomain

(a) Epitopes for residues that abrogate pAg signaling (red) 16, CTX2026 Fab (yellow)%Y, 20.1
scFv (blue)27, CTX2026-20.1 overlap (green), and CTX2026-mutagenesis overlap (orange).
(b) Complex orientations for BTN3A1 binders that modulate pAg signaling. (c) Alignment
of PDB structures with 103.2 scFv in complex with BTN3A1 (PDB ID:49fp). Distances
measured between CA of cysteine residues forming disulfide bonds with Fab light chain in
Pymol. (d) All aligned structures used to generate the model in 5.1. BTN3A1 in complex
with the 103.2 single-chain-variable-fragment (scFv) (PDB ID: 4f9p) was aligned with a
mouse IgG1 Fragment antibody (Fab) (PDB ID: 1baf). The AlphaFoldREF model of the
murine IgG1 heavy chain (AF-A0A4U9FFL2) was then aligned to the CH1 domain of PDB
ID: 1baf. Finally, a model of the murine IgG1 Fc dimer was generated using ColabFoldREF.
Briefly, two murine IgG1 Hinge-CH2-CH3 domains were linked with 30 glycine residues. This
model was then aligned to the CGC motif in the hinge region of ID: AF-A0A4U9FFL2.
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cell to the T cell or as a costimulatory signal involved in coordinating the orientation of a

true V9V 42 TCR ligand.

6.1.2 Future Directions

Therapeutic development surrounding BTN3A has focused on reagents with agonistic prop-
erties. An intriguing idea is the use of antagonist antibodies in clinical contexts where the
expression of BTNs is a poor prognostic marker. The data surrounding the association be-
tween BTN expression in tumors and clinical outcomes is complicated and tumor-dependent
and. High expression of BTN3A1l in ovarian and pancreatic cancers?? and BTN2A1 in

517 has been associated with reduced patient survival. In-

metastatic renal cell carcinoma
deed, the Conejo-Garcia group has shown that BTN3A1 can operate to suppress T cell
TCR signaling by preventing the segregation of CD45 from the immune synapse®®. Thus
the role of tumor-infiltrating V49V 62 T cells as well as how BTN3A and BTN2A1 operate
outside of pAg signaling is poorly understood. In contexts where V49V 2 T cells or BTNs

play immunosuppressive roles, targeting BTN2A1 with antagonistic antibodies may sensitize

tumors to immunotherapy.
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CHAPTER 7
METHODS

7.1 Protein expression and purification

7.1.1 Fragment antibodies

a-BTN2A1 Fabs with a human-IgG1 Herceptin scaffold were cloned into the RH2.2 vec-
tor. Fab Heavy and Light chains were on the same plasmid. Fab overexpression was in-
duced in Escheria coli BL21 Gold (DE3) cells in 2xY'T media using 1mM isopropyl g-d-1-
thiogalactopyranoside (IPTG) for 4 hr at 37C. Bacterial cells were centrifuged, resuspended
and lysed by homogenization and sonication. Bacterial lysate was spun at 20,000 x g for
45’. Fabs were purified from the periplasmic fraction with Protein Gal or G-F resin (Kossi-
akoff Lab, U.Chicago), eluted with 0.1 M Glycine pH 2.3 and neutralized with a 1:5 volume
ratio of 1 M Tris Buffer pH 8.0. Fabs were then dialyzed into Phosphate Buffered Saline
(PBS). a-BTN3A1 Fab 20.1 and 103.2 Heavy and Light chains with a hybrid murine-IgG1
Fab IgV and human-IgG1 Herceptin Fab IgC scaffold were cloned into the pAcGP67a Vector
containing a C-terminal human rhinovirus 3C protease cleavage site, acid- and basic-zipper,
respectively, and hexa-histidine tag. Baculovirus was generated by transfection of plasmid
and linearized baculovirus DNA into Sf9 insect cells using Cellfectin transfection reagent.
Baculovirus was then added to High-Five insect cells and proteins were expressed for 60-68
hrs at 27°C. Supernatant was isolated by centrifugation at 1700 rpm for 15" and filtered
through glass-fibre. Proteins were purified using Protein-G resin, eluted with 0.1 M Glycine
pH 2.3 and neutralized with a 1:5 volume ratio of 1 M Tris Buffer pH 8.0. Fabs were then

dialyzed into Phosphate Buffered Saline (PBS).
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Figure 7.1: Protein expression and purification
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Figure 7.1: Protein expression and purification, continued)

(Continued from previous page) (A) Non-reducing (top-left) and reducing (bottom-left)
SDS-PAGE gels showing 20.1 and 103.2 mAb hinge variants expressed in Expi293 cells
and purified using Protein-G resin. Non-reducing and reducing (right) SDS-PAGE gels
showing 20.1 and 103.2 Fabs expressed in BL21 (DE3) competent cells and purified using
Protein-Gal resin (Kossiakoff Lab, Univ. of Chicago). (B) Non-reducing (top-left) and
reducing (bottom-left) SDS-PAGE gels showing /alpha-BTN2A1 mAb constructs expressed
in Expi293 cells, purified using Protein-G resin, dialyzed into PBS and normalized to 878
nM (130 /mug/mL). Non-reducing (top-right) and reducing (bottom-right) SDS-PAGE gels
showing /alpha-BTN2A1 Fab constructs expressed in BL21 (DE3) competent cells and pu-
rified using Protein-Gal resin (Kossiakoff Lab, Univ. of Chicago).

7.1.2 Monoclonal antibodies

a-BTN2A1 mADb sequences with a hybrid human-IgG1 Herceptin Fab IgV and murine-IgG1
IgC-Hinge-Fc scaffold were cloned into the AbVec vector. Heavy and Light chains were
on separate plasmids. a-BTN3A1 mAbs with a murine-IgG1 scaffold were cloned into the
AbVec vector. MAbs were expressed in Expi293 cells at 37C using the ExpiFectamineTM
transfection system with 0.5 ug each of Heavy and Light chain plasmids per 1 mL of culture.
7 days after transfection, supernatant was isolated by centrifugation at 3000 x g for 10
mAbs were then purified using Protein G or Protein Gal resin, eluted with 0.1 M Glycine
pH 2.3 and neutralized with a 1:5 volume ratio of 1 M Tris Buffer pH 8.0. MAbs were then
dialyzed into PBS.

7.1.8 BTN2A1 ectodomain, BTN2A1 ectodomain C219S

BTN2A1 ectodomain (residues 1-219) and BTN2A1 ectodomain C219S (residues 1-219) were
cloned into the pAcGP67a Vector containing a C-terminal human rhinovirus 3C protease
cleavage site and hexa-histidine tag. Proteins were expressed in High-Five insect cells with
the baculovirus expression system as previously described. Proteins were purified using Ni-
NTA resin and eluted with Hanks Buffered Saline (HBS) + 200 mM and 500 mM imidazole.

Proteins were de-glycosylated for 2hrs at 37C using Endo-F3 in HBS 4+ 15mM imidazole at
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a concentration of 1 mg/mL. Proteins were repurified using Ni-NTA resin and HBS + 200
mM imidazole elution to remove Endo-F3 and incubated with 3C protease overnight in HBS
-+ 75 mM imidazole for the removal of the hexa-histidine tag. Proteins were purified further
using anion-exchange chromatography over the Mono() column in 20 mM Tris pH 8.0 with
a 20 mL gradient of 30-700 mM NaCl. Proteins were subsequently utilized for structural

determination.

7.1.4 Biotinylated BTN2A1 and BTN3A1 ectodomains + avitag

BTN2A1 ectodomain (residues 1-217) and BTN3A1 ectodomain (residues 1-217) were cloned
into the pAcGP67a Vector containing a C-terminal BirA biotinylation sequence, human
rhinovirus 3C protease cleavage site and hexa-histidine tag. Proteins were expressed in High-
Five insect cells with the baculovirus expression system as previously described. Proteins
were purified using Ni-NTA resin as previously described. Proteins were then incubated with
3C protease overnight in HBS + 75mM Imidazole for the removal of the hexa-histidine tag.
Proteins were buffer exchanged to HBS 4+ 15 mM Imidazole with 0.05 M bicine buffer pH
8.3, 10 mM ATP, 10 mM MgOAc and 50 uM d-biotin and biotinylated overnight using the
BirA protein. Proteins were then purified using size-exclusion chromatography over the S200
column in HBS and verified for biotinylation by size-shift on an SDS-PAGE gel following

coincubation with Traptavidin.

7.1.5 G115 and DP 10.7 TCRs

The 7 chain of the G115 or DP-alpha constant-region TCR was cloned into the pAcGP67a
Vector containing a C-terminal human rhinovirus 3C protease cleavage site, acidic-zipper
and hexa-histidine tag. The § chain of the G115 or DP-beta constant-region TCR, was
cloned into the pAcGP67a Vector containing a C-terminal BirA biotinylation sequence, hu-

man rhinovirus 3C protease cleavage site, basic-zipper and hexa-histidine tag. TCRs were
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expressed in High-Five insect cells with the baculovirus expression system as previously de-
scribed. TCRs were purified using Ni-NTA resin and eluted as previously described. TCRs
were then incubated with 3C protease overnight in HBS and 75 mM Imidazole for the re-
moval of the hexa-histidine tag. For TCR being used for tetramerization, TCR was buffer
exchanged to HBS + 15 mM Imidazole HBS + 15 mM Imidazole with 0.05 M bicine buffer pH
8.3, 10 mM ATP, 10 mM MgOAc and 50 uM d-biotin and biotinylated overnight using the
BirA protein. Unbiotinylated and biotinylated TCR were then purified using size-exclusion
chromatography over the S200 column in HBS and verified for biotinylation by size-shift
on an SDS-PAGE gel following coincubation with Traptavidin, if applicable. Biotinylated
TCR was tetramerized by co-incubation with Streptavidin-PE at a ratio of 1:1.1 streptavidin

monomer to biotinylated TCR monomer.

7.1.6 Nanobody

Histidine-tagged anti-Fab nanobody®? was expressed in E. coli BL21 (DE3) cells overnight
at 20°C post induction with ImM IPTG at OD600 = 0.6-0.8. The cells were harvested by
sonication in 25 mM TRIS, pH 8.0, 300 mM NaCl and 10% glycerol. After centrifugation,
the supernatant was passed over a 10mL HisTrap HP column (GE Healthcare) and eluted
with 25 mM TRIS, pH 8.0, 300 mM NaCl, 150 mM imidazole and 10% glycerol. The protein
was further purified by SEC in 20 mM HEPES, pH 7.4, and 200 mM NaCl.

7.2 Phage display selection

To obtain high-affinity binders, five rounds of selection were performed using the phage
display selection protocol previously described2?:#2. Briefly, Biotinylated BTN2A1 was im-
mobilized onto streptavidin-coated paramagnetic beads (Promega) for five rounds of phage
selection. In the first round, 1 pM of BTN2A1 was immobilized on 200 pul SA magnetic beads

and was incubated with 1 mL phage library (1010 CFU) for 1 hour at room temperature
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with gentle shaking. The beads were washed three times to remove nonspecific phage, added
to log phase E. coli XL-1 blue cells (Stratagene), and incubated for 20" at room tempera-
ture. Then, media containing 100 pug/mL ampicillin and 10 9 p.f.u./mL of M13K07 helper
phage (NEB) was added for overnight phage amplification at 37°C. The amplified phage was
precipitated in 20% PEG/2.5 M NaCl for 20’ on ice for subsequent rounds. Before each
round, the phage pool was negatively selected against empty paramagnetic beads for 30’
with shaking to eliminate nonspecific binders. The final antigen concentration was dropped
systematically from 1 uM to 10 nM from the first to the fifth round (2nd round: 200 nM,
third round: 50 nM, fourth round 20 nM, and fifth-round 10 nM). After phage binding, the
beads were subjected to five washing rounds with 0.5% BSA /PBST. The bound phages were
eluted using 0.1 M Glycine, pH 2.6, and neutralized with TRIS-HCI, pH 8. Then, the phage
eluate was used for E. coli infection and phage amplification, as described above. Additional
selection pressure using 1 uM of not biotinylated BTN3A1 in all washes was applied to en-
sure specificity to BTN2A1. After the fourth and fifth rounds the infected cells were plated
on ampicillin agar and 192 colonies were picked to produce phage clones for single-point
phage ELISA assay. The promising clones demonstrating high specificity were sequenced

and reformatted into a RH2.2 expressing vector.

7.3 Affinity analyses

7.3.1 Cellular affinity

For determination of a-BTN2A1 mAb cellular affinity, Daudi cells were resuspended in PBS
+ 2% fetal bovine serum and incubated with increasing concentrations of a-BTN2A1 mAb.
a-BTN2A1 mAbs were stained with 1:200 fluorescently-tagged secondary mAb and staining

was assessed by flow-cytometry.
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7.3.2  Enzyme-Linked Immunosorbent Assay

Single-point phage ELISA was used to test specificity of a-BTN2A1 Fabs for BTN2A1 bind-
ing. 50 nM of BTN2A1 or BTN3A1 protein was directly immobilized on high-binding exper-
imental wells for 30’, followed by extensive blocking with 2% BSA for 1 hour. After 15 of
incubation with phage, the wells were extensively washed three times with 0.5% BSA /PBST
and incubated with Protein L-HRP (1:5000 dilution in HBST') for 20’. The plates were again
washed and developed with TMB substrate and quenched with 10% H3POy, followed by
determination of absorbance at A450. To probe for IFN-v release by primary V49Vis2, the
Invitrogen ebioscience Human IFN-v ELISA Ready-SET-Go! Kit was used. Briefly, super-
natants from primary Vy9Vi2 activation assays were frozen at -20C for 14 days. ELISA
plates were coated for 2 hours at Room temperature (RT) followed by 3 washes with PBS.
Plates were then blocked with diluent for 1hr15’ and washed 2X with 300uL. PBS. Super-
natants were diluted 1:2 with diluent and added to the plate. Plates were incubated overnight
rocking at 4C in saran-wrap to prevent evaporation. Plates were washed 3X with PBS and
incubated with a-IFN-v antibody conjugated to HRP for 1hr. Plates were then washed 3X
and developed with TMB substrate. Plates were quenched with 10% H3POy, followed by

the determination of absorbance at A450.

7.3.83  Bio-layer interferometry

For 20.1 and 103.2 engineered variants relative affinity determination, biotinylated BTN3Alecto-
avi in HBS was immobilized on Streptavidin biosensor tips until Binding reached between
3 and 4 nm. Tips were blocked with 1 uM biotin for 30”. After baseline was established in
PBS for 307, the biosensor tip was exposed to 1.3 uM mAb for 90”. Dissociation in PBS was
then assessed for 120”. For a-BTN2A1 Fab competition with the Vy9V§2 TCR experiments,
BTN2Alecto-avi in HBS was immobilized for 150” on Streptavidin biosensor tips. Tips were
blocked with 1 M biotin in HBS for 30s followed by 2 mg/mL BSA for 180”. The biosensor
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tip was exposed to 66 uM a-BTN2A1 Fab concentration for 120”. Tips were immediately
placed into 66 uM a-BTN2A1 Fab + 80 uM V~+9V§2 TCR for 1207, in HBS. Dissociation

in HBS was then assessed for 120”.

7.8.4  Surface plasmon resonance

All Surface plasmon resonance (SPR) analyses were performed on a MASS-1. BTN2A1
was immobilized via a 6x His-tag to a Ni-NTA sensor chip. Fabs in two-fold dilutions were
run as analytes at 30 ul/min flow rate at 20°C. Sensograms were corrected through double

referencing, and a 1:1 binding model fit using Sierra Analyzer.

7.4 Cells

7.4.1 Cell lines

The v and § chain of the G115 Vy9V2 TCR. clone were cloned into the pMSC-V vector
with puromycin and zeocin selection genes, respectively. Jurkat JRT3.3 cells were trans-
fected with these plasmids and selected first for v chain expression for 7-14 days using 1
mg/mL puromycin. Cells were then selected for ~4 weeks with 200 mg/mL zeocin. Cells
were stained with a-79 and a-02 antibodies and sorted on TCR expression both at 1 week
and 4 weeks. Daudi-Cas9 AAAVS1, ABTN2A1, ABTN3A1 cell lines were generated as
described®3. JRT3.3 Jurkat cells expressing the G115 TCR, DaudiWT, DaudiA2A1, and
DaudiA3A1l were cultured in RPMI-1640 supplemented with 2 mM L-glutamine and 10
U/mL Penicillin/Streptomycin (R10). Cells were split to 0.3E6 cells/mL daily and split 24

hours prior to the start of an activation assay.
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7.4.2  Isolation and expansion of VA9V 02 T cells from peripheral blood

Peripheral blood was isolated from healthy donors through the IRB13-0666 protocol and
subjected to density gradient centrifugation using Ficoll. Lymphocytes were isolated and
brought to 1E6 cells/mL in RPMI-1640 supplemented with 2 mM L-glutamine, 0.1% (-
me, 0.5X non-essential amino acids (Corning), 1 mM sodium pyruvate and 10 U/mL Peni-
cillin/Streptomycin (R10+). Cells were pulsed with 5 uM Zoledronate and 100 U/mL IL-2
and incubated at 37°C. 100 U/mL IL-2 was supplemented into the media every 2-3 days
and the culture volume was doubled on day 6 with fresh R10+ media supplemented with
100 U/mL IL-2. One day prior to use in activation assays, 100 U/mL IL-2 was pulsed into
the media. Vy9V02 T cells were utilized on Day 9-10 for activation assays and assayed via

flow-cytometry for expansion at such time.

7.5 V~9V2 activation assays

7.5.1 Agonist/Antagonist assay

In 96-well round-bottom plates with edge-wells containing 200 uL. PBS, 0.05E6 Daudi target
cells were incubated with PBS, mAb, or Fab +/- HMBPP, Pamidronate or MOPC isotype
mAb in R10 for 2 hours in 100 puL. Target cells were washed with 200 pl. warm PBS and
centrifuged at 300 x g for 5’ 3 X. Target cells were then co-incubated with 0.1E6 Jurkat or
Primary Vy9V42 T cells per condition overnight in 200 pL R10. 1.6 ug/mL PHA was added
to wells with T cells alone prior to overnight incubation as a positive control for activation.

T Cell activation was assessed via flow-cytometry.

7.6 Cellular mAb: TCR Competition for BTN2A1 Binding Assay

Full-length BTN2A1 was cloned into the pAcGP67a Vector containing a C-terminal human

rhinovirus 3C protease cleavage site and hexa-histidine tag. BTN2A1 was expressed in High-
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Five insect cells with the baculovirus expression system as previously described. BTN2A1-
expressing Insect cells were seeded at 1.5E5 cells/well in 96-well round-bottom plates with
edge-wells containing 200 uL. PBS and incubated with 150nM a-BTN2A1 mAb for 30°. Insect
cells were washed with 200 uL. PBS and centrifuged at 300 x g for 5. Insect cells were then
sequentially stained with DAPI followed by additional washes and stained with 120 nM
G115 tetramer labeled with the PE-fluorophore. MAb:tetramer competition was assessed

via flow-cytometry.

7.7 Flow Cytometry

For Jurkat T-cell activation assays, target and T cells from each condition were resuspended
in PBS + 2% fetal bovine serum. Cells were stained with Live-Dead fluorescent dye, a-CD19
to gate targeT cells, a-V79 to gate T cells and a-CD69 fluorophore-conjugated mAbs as a
marker for T-cell activation. For Primary T-cell activation assays, target and T cells from
each condition were stained with 1:1500 dilution of Live/dead Fixable Dead Cell Stain, 1:50
dilution of a-V~9, a-Vi2 to gate T cells, and 1:50 dilution of a-CD25, a-CD107a and a-
CD69 fluorophore-conjugated mAbs as markers for activation. For mAb and TCR-tetramer
competition, cells were resuspended in PBS + 2% fetal bovine serum and stained with DAPIT
and fluorescently-labeled G115 TCR tetramers. Data were collected on either the Aurora or

AttuneNxt.

7.8 X-ray crystallography

7.8.1 Sample preparation

De-glycosylated and purified BTN2A1 ectodomain C219S was mixed with purified Fab at
a 1:1 ratio. Complexes were concentrated and purified over size-exclusion chromatography
using the S200 column in HBS. Complexes were then concentrated to 6.9mg/mL and tested
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Figure 7.2: Gating strategies for flow cytometry
(A) Gating strategy for Jurkat T-cell activation assays. CD69 gate drawn to 1% positive
staining by isotype controls. (B) Gating strategy for Primary V49V §2 T-cell activation
assays. CD25, CD107a, and CD69 gates drawn to 1% positive staining by isotype controls
(Mean from 3 replicates). (C)Gating strategy for a-BTN2A1 mAbs - V49V 62 TCR com-
petition assays. V~9V§2 TCR Tetramer positive gate drawn to 1% positive staining in —
mADb condition.
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Figure 7.3: Complex expression and purification
(Continued on next page)
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Figure 7.3: Complex expression and purification, continued)

(Continued from previous page) (A) Chromatography trace of 2A1.9 Fab - BTN2A1
ectodomain complex purified over the S200 Size Exclusion Chromatography (left) for X-ray
crystallographic structure determination. SDS-PAGE gel showing Complex elution fractions
from S200 purification (Fab: 48kDa, BTN2A1 ectodomain: 26kDa) (right). (B) Chromatog-
raphy traces of Fab - BTN2A1 ectodomain dimer - nanobody complexes purified over the
S200 Size Exclusion Chromatography (left) for Cryo-EM structure determination. Nonre-
ducing (middle) and reducing (right) SDS-PAGE gels showing complex elution fractions from
S200 purification (Fab: 48 kDa, BTN2A1 dimer: 51 kDa, Nanobody: 15 kDa). Fractions
used for structural determination are indicated (purple bar).

for crystallization using the Morpheus I protein crystallization screen in 3-well sitting drop
plates. Crystallization conditions from well G9 were optimized to 0.1 M Buffer System 3,
pH 8.3 with 0.1 M Carboxylic Acids and 20% Precipitant mix 1. Optimized crystals were

cryoprotected with 20% Ethylene Glycol in 0.1 M Buffer System 3, pH 8.3 with 0.1 M

Carboxylic Acids and 25% Precipitant mix 1 and flash-frozen in Liquid Nitrogen.

7.8.2  Data collection and processing

X-ray datasets were collected at the Stanford SSRL beamline 14-1 on a Dectris Pilatus 6M
at 100K. A complete dataset was collected at a wavelength of 1.1950E-10 m. XDS, truncate,
pointless, freeR, and aimless were used for data reduction and scaling. An initial molecular
replacement solution was obtained using PHASER through Phenix®* with PDB ID code
8dfw32: Chain B and 4rrp®5: Chains D,J with CDR loop atoms deleted (D:25-33, 49-61, 90-
96. J:28-34, 50-58, 95-100). The initial model was improved using iterative rounds of manual
building with Coot followed by refinement with Phenix®®. A second round of phasing was
performed using Chains C,D and J from the refined BTN2A1-Fab complex structure and

followed by subsequent rounds of refinement.
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7.9 Cryo-electron microscopy

7.9.1 Sample preparation

Deglycosylated and purified BTN2A1 ectodomain was mixed with purified Fab and Nanobody
at a 1:1.2:1.44 ratio. Complexes were concentrated and purified over size-exclusion chro-
matography using the S200 column in HBS. Purified complexes were concentrated to 2.3mg/mL
and diluted to 0.85 mg/mL in HBS containing CHAPSO detergent at 0.25 x CMC. Com-

plexes were frozen on Quantifoil Au 200 grids using the FEI Vitrobot.

7.9.2  Data collection and processing

Data was collected on the Thermo Scientific Titan Krios G3i at the University of Chicago
Advanced Electron Microscopy Core. Relion was used for motion correction, CTF finding
(Max Res<6A), particle-picking (laplacian, mask: 130-280), particle-extraction (Box: 420A),

2D classification, 3D-classification (reference map: PDB ID: 8dfw) and 3D-refinement 0.

7.10 Data Analysis

7.10.1 General

Flow-Jo was utilized to analyze flow-cytometry data. All results from flow-cytometry,
and affinity-determination experiments were plotted and statistically-analyzed in GraphPad

Prism. Adobe Illustrator was used to design figures.

7.10.2  Analysis of protein complex structures

CCP4-Contact was used to determine van der Waals interactions with a distance cut-off of
4.001. PDB-ePISA*3 was used to find salt-bridge and hydrogen-bond interactions between
Fab and BTN2AL.
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7.10.3 Statistics

All statistical analyses were performed in Graphpad Prism. All data sets were representative
of at least 3 replicates with means displayed as points and standard deviations (SD) displayed
as error bars. Data from activation assays involving titration of a reagent were displayed on
an XY graph and, in specific cases, analyzed using non-linear regression (variable-slope, 4
parameters). Data from specific concentrations within a titration were assessed for statistical
significance using multiple t-tests with the Dunnett’s method. Activation assays involving
use of a reagent at a single concentration and the TCR competition insect-cell assay were an-
alyzed using multiple t-tests with the Dunnett’s method. Crystallography statistical analyses

were carried out in Phenix.
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