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ABSTRACT

Background. Despite the relative success of anti-PD-1 antibodies over the years in cancer

immunotherapy, the mechanism of action beyond blockade of the ligand binding site remains
inadequately defined. Given that anti-PD-1 therapy is effective in only a fraction of cancer
patients, it is imperative to elucidate the mechanisms imparted by anti-PD-1 antibodies and
how they are involved in restoring activity to functionally exhausted PD-1* memory T cells.
Hypothesis. The two hypotheses investigated are: 1) The novel non-blocking anti-PD-1
antibody discovered in our lab differsin its mechanism of action from the traditional blocking
PD-1 antibodies, 2) Anti-PD-1 mediated downregulation contributes to the relief of T cell
exhaustion and occurs through an antibody-Fc interaction with FcyR expressing cells.
Objectives. The research plans are: 1) to develop an experimental strategy to evaluate the
functional activity in primary, memory T cells responding to the anti-PD-1 therapies utilizing
coinhibitory conditions with PD-L1 and 2) to identify the cell populations and associated
determinants for anti-PD-1 mediated downregulation on primary, memory T cells.
Experimental strategy. 1) We used PBMCs isolated from chronically infected HIVV+ donors
with high expression of PD-1 to measure the activation of key mediators of the T cell activation
pathway. We were able to evaluate the restoration of phosphoprotein activity and calcium
signaling to these functionally exhausted primary T cells at early timepoints when stimulated
by CD3/CD28/PD-L1 and treated with anti-PD-1. 2) We isolated different fractions of the
PBMC composition to determine if any effector cells were involved in PD-1 downregulation.
Furthermore, we sought to establish a contact-based dependency test to determine which
receptor was necessary forthe anti-PD-1 downregulation effect.

Results. 1) We demonstrated that both blocking and non-blocking antibodies were able to
restore T cell signaling butthe non-blockingantibody restored significantly more Aktsignaling
and the combination of the two anti-PD-1 antibodies enhancedthe restoration of Ca2* signaling
dramatically. 2) Anti-PD-1 mediated downregulation was observed only in the presence of
monocytes and CD64 was found to be the FcyR with the highest impact for this effect.
Conclusions. 1) The non-blocking PD-1 antibody was shown to be effective in restoring T cell
functionality and appeared to preferentially restore signaling through the CD28 associated
pathway while the blocking PD-1 antibody exerted its effect over the TCR pathway. 2) The
requirement for CD64 expressing monocytes was shown for the antibody-mediated

downregulation of PD-1 on memory T cells.



ABSTRACT (en Francais)

Contexte: Malgré le succes relatif des anticorps anti-PD-1 au fil des années dans

I'immunothérapie anticancéreuse, le mécanisme d'action au-dela du blocage du site de liaison
du ligand reste mal défini. Etant donné que le traitement anti-PD-1 n'est efficace que chez une
fraction des patients cancéreux, il est impératif d'élucider les mécanismes conférés par les
anticorps anti-PD-1 et comment ils sont impliqués dans la restauration de l'activité de la
mémoire PD-1* fonctionnellement épuisée T cellules.

Hypothése: Lesdeux hypothésesétudiéessont: 1) Le nouvel anticorpsanti-PD-1 non bloguant
découvert dans notre laboratoire differe dans son mécanisme d'action des anticorps bloquants
traditionnels PD-1, 2) La régulation négative médiée par anti-PD-1 contribue a la soulagement
de I'épuisement des cellules T et se produit par le biais d'une interaction anticorps-Fc avec les
cellules exprimant FcyR.

Objectifs: Les plans de recherche sont les suivants: 1) développer une stratégie expérimentale
pour évaluer l'activité fonctionnelle des lymphocytes T mémoires primaires répondant aux
thérapies anti-PD-1 utilisant des conditions co-inhibitrices avec PD-L1 et 2) pour identifier les
populations cellulaireset les déterminants associés pour larégulation négative a médiation anti-
PD-1 sur les lymphocytes T primaires a mémoire.

Stratégie expérimentale: 1) Nousavons utilisé des PBMC isoléesde donneurs VIH +infectés
de maniere chronique avec une forte expression de PD-1 pour mesurer l'activation de
médiateurs clés de la voie d'activation des lymphocytes T. Nous avons pu évaluer la
restauration de l'activité des phosphoprotéines et la signalisation du calcium vers ces
lymphocytes T primaires fonctionnellement épuisés a des moments précoces lorsqu'ils sont
stimuléspar CD3/CD28/ PD-L1 et traités avec de I'anti-PD-1. 2) Nous avonsisolé différentes
fractions de la composition de PBMC pour déterminer si des cellules effectrices étaient
impliquées dans la régulation négative de PD-1. En outre, nous avons cherché a établir un test
de dépendance basé sur le contact pour déterminer quel récepteur était nécessaire pour I'effet
de régulation négative anti-PD-1.

Résultats: 1) Nous avons démontré que les anticorps bloguants et non bloguants étaient
capables de restaurer la signalisation des lymphocytes T, mais I'anticorps non bloquant a
restauré significativement plus de signalisation Akt et la combinaison des deux anticorps anti-
PD-1 a considérablement amélioré la restauration de la signalisation Ca2*. 2) une régulation
négative a médiation anti-PD-1 a été observée uniquement en présence de monocytes et CD64

s'estavére étre le FcyR avec I'impact le plus élevé pour cet effet.



Conclusion: 1) L'anticorps PD-1 non bloquant s'est avéré efficace pour restaurer la
fonctionnalité des lymphocytes T et semblait restaurer préférentiellement la signalisation via
la voie associée au CD28 tandis que I'anticorps bloquant PD-1 exercait son effetsur la voie
TCR. 2) L'exigence de monocytesexprimant CD64 a été montrée pour la régulation a la baisse
médiée par les anticorps de PD-1 sur les cellules T mémaoire.
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CHAPTERI: INTRODUCTION

Cancerimmunotherapyhasbeenrevolutionized over the lastdecade. In 2018, the Nobel
Prize in Medicine or Physiology was awarded to James Allison and Tasuku Honjo for their
discovery of immune checkpoint inhibitors. The legacy behind these lifetime achievements is
the culmination of decades of research in the foundations of T cell activation and inhibition
that have built up our current knowledge. In this thesis, we will begin with an introduction on
the fundamentals of T cell activation and inhibition before proceeding to a more in-depth focus

on the PD-1 receptor itself and lastly, the current paradigm of monoclonal antibody therapy.

1.1T cell activation and inhibition
1.1.1 Requirements of TCR Engagement

The main principle of cell-mediated adaptive immunity lies within the breadth and
specificity of the T cell response. It is estimated that 1010 different T cell clonotypes are
maintained in the human body at any given time, reflecting the vast diversity of antigen
recognition[1]. The initiation of T cell activation is dependent on the specific recognition by a
T cell receptor (TCR) to its corresponding peptide bound to amajor histocompatibility complex
(MHC) expressed by an antigen-presenting cell (APC)[2].

CD4+ expressing T cells, also known as helper T cells, typically recognize peptides
fragments of 12—-16 amino acids that are processed through endocytosis or phagocytosis by
professional APCs (dendritic cells, monocytes/macrophages, and B cells) and presented by
MHC-11. CD8* expressing T cells, known as cytolytic or killer T cells, recognize 9-10 amino-
acid cytosolically derived peptide fragments processed through the proteasome and presented

by MHC-I, which can be expressed on all nucleated cells and platelets.

1.1.2 Early T cell signaling

The TCR is comprised of an a and  subunit (to a minor degree, y and & subunits), both
with variable and constant regions and containing no signaling motifs on its cytoplasmic tail.
More specifically, antigen recognition is determined by 3 complementarity-determining
regions (CDR) present on variable domain of both o/ subunits with CDR3 representing the
bulk of thisinteraction and the TCR repertoire beinggenerated by V(D)J recombination during

somatic T cell development[3].
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The non-covalent association of the TCR with CD3ed, CD3ey, and CD3{{ chains on
the plasma membrane form the TCR complex and these associated components contain the
obligatory immune tyrosine-based activation motifs (ITAM) in their cytoplasmic domains that
implement the TCR signal (Fig. 1)[4].
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Figure 1. The T cell signaling pathway starting from antigen recognition to gene transcription. All
major TCR pathways are shown. From Gaud G, Lesourne R, Love PE. Nat Rev Immunol. 2018
Aug;18(8):485-497.

The TCR-MHC binding is stabilized by the interaction of the MHC to either CD4 or
CD8 coreceptors, which recruit the Src tyrosine kinase p65Ick or Lck to concentrate
intracellularly to the TCR complex and phosphorylate the associated CD3 signaling chains|5,
6]. Phosphorylation of CD3{provides a bindingsite by its SH2 domain for ZAP-70 which then
allows adjacent Lck/Fyn to phosphorylate ZAP-70 for catalytic activity and
autophosphorylation[7]. The activated ZAP-70 subsequently leads to the formation of adapter
proteins such as LAT and SLP-76 that further recruits and propagates other phosphoproteins

for the continuation of T cell signaling cascade[8].
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1.1.3 Formation of the Immunological synapse

Before and during the initiation of the T cell activation, TCR microclusters form at the
periphery which then serve as the site for initiating and sustaining TCR signals. These
microclusters are formed upon TCR engagement through the merging of preexisting TCR
nanoclusters that are distributed throughout the plasma membrane as multimeric complexes[9,
10]. It has been shown that memory T cells contain larger, linear clusters of TCR than naive T
cells, leading to enhanced sensitivity and a more rapid response upon antigen recognition[11].
These engaged microclusters move centripetally towards the center during the interaction
between the T cell and APC and a highly ordered, specialized region called the immunological
synapse (IS) is eventually formed[12, 13]. The ISrepresents the ~15nm gap between the T cell-
APC conjugate formation and the structural organization of associated receptor-ligand activity
and secretory molecules formed at the initiation and for the maintenance of T cell activation
(Fig. 2)[14, 15].
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Figure 2. Immunological synapse and associated receptors. From Huppa JB, Davis MM. Nat Rev
Immunol. 2003 Dec;3(12):973-83.

In its conventionally known form, the IScomprises of 3 concentric circles each denoted
as a specific region of supramolecular activation clusters or SMAC - the center circle or c-
SMAC (center-SMAC) which houses the TCR-MHC complexes and associated coreceptors
suchasCD28 orPD-1, its surroundingringcalled the p-SMAC (peripheral-SMAC) containing
adhesion molecules such as LFA-1 and CD43, and the outermost circle called the d-SMAC
(distal-SMAC), which sterically segregates regulatory CD45 phosphatase receptors from TCR-
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MHC activation site[15]. The c-SMAC itself can be further segregated into 2 components: the
endo-cSMAC which contains the centermost TCR-enriched regions and the exo-cSMAC, a
region surrounding the endo-cSMAC and which is TCR-poor, contains CD28 and PD-1

coreceptors, and acts as the site for exogenous secretory vesicles for cell-cell crosstalk[16].

These physical segregations provide spatial context into the contact interface between
the T cell and APC as well as the cytoskeletal rearrangements and localization of signaling

components that are necessary for T cell activation to occur.

1.1.4 T cell signaling pathway

Early TCR activation leads to the recruitment and phosphorylation of linker for
activation of T cells (LAT) from the plasma membrane and subsynaptic vesicles. The
transmembrane LAT protein contains a short extracellular region but a long cytoplasmic tail
with multiple tyrosine residues that can be rapidly phosphorylated by ZAP-70 and further
serves as binding sites for SH2 domain-containing proteins such as PLCyl, Grb2, and
Gads[17]. LAT also oligomerizes through the binding of Grb2 and Sosl to form LAT

microclusters, which act to amplify the TCR signaling cascade[18, 19].

Phosphorylated LAT recruits and binds to SH2-domain-containing leukocyte protein
of 76 kDa (SIp76) via Gadsand the docked SLP-76 further recruits more phosphoproteins such
as Nck, ADAP, Vav, and Itk to the LAT complex, each recruited mediator acting on their own
specific targets; for example, Vav — Rac/Cdc42 and ITK — PLCy1[20, 21].

The resulting LAT/ SLP-76 complex is then bound by phospholipase C-y1 (PLCy1),
which propagates TCR signaling through the hydrolyzation of phosphatidylinositol
bisphosphate (PIP2) to generate diacylglycerol (DAG) and inositol trisphosphate (IP3)[22].
Subsequently, DAG recruits downstream phosphoproteins to the plasma membrane such as
Ras-GRP (RAS guanyl nucleotide releasing protein) and protein kinase C-0 (PKCO) that
activate Ras for MAPK signaling pathway[23].

Phosphatidylinositol 3-kinase (PI3K) consists of a heterodimer containing a regulatory
p85/p55 and a catalytic p110 subunit[24]. The main function of activated PI3K is the inclusion
of phosphate onto the 3'-OHof the inositol group in phosphoinositides such as PIP2 and thereby
producing PIP3 secondary messengers[24]. These phosphorylated lipids are located on inner
leaflet of the plasma membrane and directly bind phosphoproteins containing a pleckstrin

homology (PH) domain such as Akt and PDK1. PI3K activity is critical for translocation of

13



Akt to the plasma membrane[25, 26]. PI3K mediated catalyzation of PIP3 causes
conformational changes in Akt phosphorylation sites T308 and S473 to be open to the kinase
activity of PDK1 and mTORC2, respectively[27, 28].

These signaling phosphoproteins interact with numerous partners and the abrogation or
loss of any critical phosphoprotein mediator can catastrophically disrupt signaling through
other effectors. However, notall phosphoproteinsinvolved in T cell signaling are necessary
due to overlapping or compensatory roles. For example, it has been shown that Itk -deficient T
cells were capable of cytokine production and proliferation under antigen stimulation[29]. Yet,
these interconnected redundancies are critical for coordinating the different pieces of the TCR

signaling network to ultimately initiate gene transcription for T cell activation.

1.1.5 Downstream of the signaling cascade

The targets downstream of the TCR signaling cascade are the transcription factors
NFAT (nuclear factor of activated T cells), AP1 (activator protein 1), and NF-xB (nuclear
factor-kB) which bind the promoter and activate the transcription of the IL-2 gene[23, 30].

NFAT activity is modulated by intracellular concentrations of Ca2* ions (Fig. 3)[31-
33]. The transcription factor NFAT (containing five members) at steady state remains heavily
phosphorylated and retained in the cytoplasm. TCR activation modulates cytoplasmic Ca2*
levels through the activity of PLCy. Activated PLCy hydrolyzes PIP2 into IP; which enters the
CaZ+-permeable ion channel IP; receptors (IPsR) in the endoplasmic reticulum (ER) and
subsequently leads to ER depletion of Ca2*[34, 35]. Ca2* sensors stromal interaction molecule
1 and 2 (STIM 1/2) on the ER interact with Orail on the plasma membrane and generate a
massive, sustained influx of Ca2* into the cytoplasmic space. As intracellular Ca2* levels
increase, the dephosphorylation of NFAT is facilitated by calcineurin and calmodulin, leading
to nuclear translocation. Furthermore, the nuclear import of NFAT is also regulated by PI3K
as well as the Akt mediated inhibition of GSK-3[36-38].

The activation and heterodimerization of c-Fos and c-Jun to produce AP-1 occurs
downstream of three converging MAPK signaling pathways: JNK, p38, and Erk. The JNK and
p38 pathways are initiated by activated Rac in response to cellular stress and share MAP3K
mediators[39]. The Erk pathway is initiated by the association of active Ras with Raf leading

to MKK1 and/or MKK?2 activation[40]. The phosphorylation of c-Fos and c-Jun proteins as
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well as the upregulation of c-Fos and c-Jun transcription are mediated by MAPK signaling
pathways, leading to the generation of AP-1 dimers[23, 40].
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Figure 3. Calcium flux and the NFAT Pathway. From Miller MR, Rao A. Nat Rev Immunol. 2010
Sep;10(9):645-56.

The canonical pathway for NF-kB activation involves the degradation of protein
inhibitor IkB by IkB kinase (IKK)[41]. The IKK complex is composed of catalytic IKKa and
IKKB subunits and regulatory subunit IKKy[42]. Like NFAT, NF-kB is present in the
cytoplasmic space in an inactivated form typically as p50-RelA dimers bound by IkB.
Following PKC6 activation, CARMA1 is phosphorylated, forminga complex with BCL10 and
MALT1 (CBM complex), and MALT1 binds ubiquitin ligase TRAF6 for the
polyubiquitination of MALT1 and BCL10[43, 44]. This ubquitination motif causes IKK to be
recruited and activated by TAK1, leading to the phosphorylation of IkBa for its proteasomal
degradation and nuclear transport of NF-«B. The initiation of the PLCy pathway provides the
substrates for the activation of both the NF-xB and NFAT pathways.

Beyond these established 3 transcription factors, numerous other transcription factors
are involved in the differentiation program of T cell subtypes from antigen stimulation.
Stronger TCR affinity results in increased expression of T-bet and BLIMP1, leading to the
differentiation into effector CD8[45, 46]. The higher ratio of Eomes to T-bet and Bcl-6
expression from intermediate TCR signals dictates the formation of memory CD8[47].1n CD4,
strong TCR stimulation is thought to prevent the early expression of IL-4, promote the
generation of IFNy, and IL-12-dependent T-bet expression, polarizing CD4s towards Thl
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subset[48]. On the other hand, lower levels of antigen seem to promote Th2 differentiation[49].
Reduced levels of CD28 coreceptor or low potency antigens have been shown to polarize CD4
into IL-17 producing Th17[48].

It is important to note that cell signaling does not occur as a one-way street; both
positive feedforward and negative feedback loops regulate components of the signaling
pathway. For example, Erk mediates phosphorylation on Lck Ser59 to prevent SHP1 binding
and its subsequent inactivation, therefore sustaining Lck activity[50]. On the other hand,
BCL10is phosphorylated by components of IKK in order to be degraded through the ubiquitin-
proteasomal pathway and reduce overall NF-kB activation[51]. TCR signaling, in parallel with
signal modulation by costimulatory molecules, cytokines, chemokines, integrins, and
metabolites drive T cells into distinct programs of activation, expansion, and differentiation of

functionalized T cell subsets.

1.1.6 Costimulation

T cell activation does not happen as a simplistic response of antigen recognition
between the T cell and APC. Numerous coreceptors are involved in either enhancing or
constrainingthe threshold for T cell responses. With the initial TCR-peptide-MHC engagement
referred to as signal 1, the provision of costimulatory receptorsto amplify that first signal is
called signal 2 and the presence of cytokines enhancing T cell activation represents signal 3. A
singular response of signal 1 leads to significantly reduced T cell responses, an anergic
phenotype, or even cell death[52, 53]. It has been shown that the addition of signal 2 leads to
dose-dependent increases in cell division and cell death responses[54]. In accordance with
MHC expression, the ligands for costimulatory receptorsare typically expressed by the same
APCs which either constitutively express these ligands such as ICOS-L or are induced

followingexposureto an inflammatory environment (LPS, IFNy) such as CD80 and CD86[55].

1.1.7 Costimulatory receptors (Signal 2)
CD28 and the B7 family

The B7 family are a part of the larger Ig superfamily that encompass two costimulatory
receptors CD28 and ICOS as well as their associated ligands, CD80 (B7-1) and CD86 (B7-2)
for CD28 and ICOS-L for ICOS. Other B7 members - PD-1, BTLA and ligands PD-L1, PD-
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L2, VISTA - represent the coinhibitory side of the B7 family and will be discussed in more

detail in the later chapters.

The most fundamental and widely studied costimulatory receptor is CD28. Since its
initial discovery as signal amplifier for anti-CD3 mediated T cell activation in 1986, CD28 has
been found to drive a number of essential events in T cell activation via the modulation of
phosphoprotein mediators and the production of key cytokines, chemokines, and survival
signals necessary for the expansion and differentiation of T cells as well as the amplification
of TCR signaling (Fig. 4)[56, 57]. The CD28 cytoplasmic tail contains a membrane proximal
YMNM motif and a distal PYAP motif which binds through SH2/SH3 domain interactions
with various phosphoprotein mediators such as p85 PI3K, Lck, and Grb2[57]. Furthermore, it
has been shown that CD28 induced Rlptr facilitates the recruitment of PKC6 and CARMAL to
the IS and that a single point mutation of Rlptr resulted in a phenotype of CD28 signaling
deficiency[58]. Most importantly, CD28 signaling is critical for NF-xB-mediated production
of IL-2, leadingto long-term expansion and the upregulation of Bcl-x, prosurvival factor for

resistance to apoptosis[57, 59].

Costimulation by CD28 represents the most important pathway for the initial activation
of naive T cells and is constitutively expressed on resting CD4+ and on 50-80% of CD8* T
cells[60]. Chronic antigenic stimulation leads to downregulation of CD28 expression as a self-
limiting negative feedback mechanism as well as the differentiation of antigen experienced
memory T cells[61]. Furthermore, CD28 expression has been shown to decrease with age with
up to 70% of CD4 and 95% of CD8 T cells being CD28- and is being used as a potential
immunosenescence marker[62-64]. However, CD28 ligation is necessary as the starting point

for naive cells and in the recall response of memory T cells.

ICOS embodies the other costimulatory receptor of the B7 family and binds its own
unique ligand, ICOS-L. Similar to CD28, ICOS shares a high degree of sequence homology
and ICOS-L binding enhances the production of effector cytokinessuch as IL-4, IL-5, IFNy,
and TNFa[65]. Unlike CD28, ICOS expression is not constitutively expressed and is induced
under TCR and/or CD28 stimulation. Furthermore, ICOS signaling does not enhance IL-2
production but increases IL-10 production, indicating non-redundant roles with CD28

signaling[66].
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Figure 4. CD28 costimulatory pathway. From Bhattacharyya, Nayan D, and Carl G Feng. Frontiers in
immunology 11:624. 19 May 2020

TNFR superfamily

The tumor necrosis factor receptor superfamily represents a broad range of
costimulatory receptors that are involved in a variety of different functions such as apoptosis,
inflammation, differentiation, proliferation, and survival[67]. As an example, the TNFR
molecule CD27 can be expressed constitutively on T cells, NK cells, and B cells and increases
transiently with T cell activation while downregulated on effector T cells after several rounds
of cell division. Furthermore, CD27 expression can be used to differentiate memory T cells
with effector memory T cells with high antigen recall responses lacking CD27 and central
memory T cells expressing CD27 and requiring additional costimulation for response[68].
While CD27 ligation does not increase IL-2 production, it produces TNF-a to similar levels as
CD28 and promotes the development of CTL and increases cell survival. Other important
costimulatory receptors of the TNFR superfamily are OX40, GITR, 4-1BB, CD160, HVEM,
and CD30, many of which are currently under consideration for cancer immunotherapy and in

the development of chimeric antigen receptor (CAR) T cells[69, 70].
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1.1.8 Cytokines during T cell activation (Signal 3)

The enhancement of TCR activation by secreted cytokines represent signal 3. Antigen-
experienced memory T cells are able to respond to signal 3 (IL-2, IL-4, IL-7, IL-12, IL-15)
alone and undergo proliferation and activation, but naive T cells can proliferate only in
response to IL-7 in the absence of antigen. For naive CD8, type | interferons and IL-12 has
been shown for optimal expansion but not for the upregulation of anti-apoptotic genes[71].
Furthermore, these cytokines sustain the expression of CD25 (IL-2 receptor) leading to a
greater IL-2 mediated proliferation via PI3K pathway[72]. For naive CD4 activation,
exogenous IL-1 has been shown to drive antigen-specific expansion and differentiation[73].
However, prior exposure to IL-2 in naive CD4s were transiently abrogated in their ability to

respond to antigen, indicating that timing is critical for optimal TCR stimulation[74].

1.1.9 Inhibition of T cell activation
Negative feedback mechanisms

T cell activation is intrinsically modulated or attenuated by their incorporated feedback
mechanisms within the TCR signaling pathway. The phosphorylation and dephosphorylation
processes of TCR signaling molecules by inhibitory phosphoproteins affects the development

of signaling complexes and influences the dissemination and magnitude of TCR signals.

Critical mediators of negative regulation at the signaling level are the protein tyrosine
phosphatases (PTP) such as Src homology region 2 domain-containing phosphatase-1 (SHP1)
and -2 (SHP2) which share a high sequence similarity, and Src homology 2 domain containing
inositol polyphosphate 5-phosphatase 1 (SHIP1). PTPs are implicated in both positive and
negative regulatory roles as well as in hematopoietic cell development. Within the context of
TCR signaling, SHP1/2 dephosphorylate and deactivate both ZAP-70 and Lck, resulting in
inactivation of the signaling cascade[75]. SHIP1 functions as an adaptor protein, enabling
Dok1/2 anchoringto LAT forthe regulation of ZAP-70 and AKT kinasesaswell as the removal
of phosphate from PIP3 to attenuate PI3K signaling[76].

CD45 or protein tyrosine phosphatase receptor type C (PTPRC) is one of the most
abundant transmembrane proteins on the T cell plasma membrane. CD45 plays both positive
and negative regulatory roles and is required for TCR signaling for its activation of Lck[77,
78]. The dephosphorylation of Lck on the inhibitory C-terminal site (Tyr Y505) by CD45 has

been shown to activate the Lck and enhance TCR responses. However, CD45 has also been
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shown to associate and dephosphorylate the CD3 (-chains, indicating negative regulation of

the TCR complex directly and the necessity for steric exclusion from the 1S[79].

As a counterpart to the CD45 phosphatase, C-terminal Src kinase or Csk also inhibits
TCR signaling by regulating Lck activity. Csk is notable for its phosphorylation of the Lck
Y505 site, maintaining Lck conformation in an inactive form as well as its association with
glycosphingolipid-enriched microdomains and phosphorylation of the inhibitory C-terminal
tail of Fyn [80, 81].

PLCyl1 signaling can be regulated by diacylglycerol kinases (DGK) which generate
phosphatidic acids through the phosphorylation of diacylglycerol and prevent PKC6O
activity[82]. Both DGKa and DGK( act as crucial negative regulators downstream of the TCR
and in Jurkat T cells, the silencing of DGKa or DGK{ show increased TCR-induced signaling
in Ras and PKCO pathways leading to hyperproliferative responses[83].

T cell anergy T cell activation

Peptide A Peptide

Plasma membrane

-

Cblb, Grail, Itch 1I-2
DNA

NN NNDNS LNDLANDLANDLND

Figure 5. T cell anergy mediated by Cbl-b and T cell activation mediated by CD28. Adapted from
Schmitz ML. Sci Signal. 2009 Jun 23;2(76):pe38.
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Numerous E3 ligases such as Cbl, Itch, and GRAIL are intermediaries of the
ubiquitination-mediated degradation of TCR signaling components such as CD3{, ZAP-70,
PLCyl1, and PI3K (Fig. 5)[84]. More specifically, Cbl-b recognizes TCR signaling proteins for
proteasomal degradation targeting Lck and ZAP-70 while Itch ubiquitinates Jun and reducing
AP-1 activity[23]. Furthermore, both Cbhl-b and Itch connect K33-linked ubiquitin chains to
CD3{and prevent the association of ZAP-70[85].

1.1.10 Coinhibitory receptors

The study of T cell coinhibitory receptors began with the discovery of cytotoxic T
lymphocyte-associated antigen-4 (CTLA-4) in 1987 by the P. Golstein group as a receptor for
B7 molecules that shared a high sequence similarity to CD28[86, 87]. Since this initial finding,
many coinhibitory receptors such as BTLA, PD-1, LAG-3, TIGIT, and TIM-3 and others such
as SLAM family members CD150 and 2B4 have been discovered and have ushered in a new
era in the investigation for immunotherapeutics or more suitably called immune checkpoint
blockade (Fig. 6).

CTLA-4 or CD152 is a CD28 family receptor that is presentas a homodimer and has
no intrinsic catalytic activity on its cytoplasmic tail. Given its similarity with CD28 as a
homologue, it was not yet known in the early days whether CTLA-4 was a costimulatory or
coinhibitory receptor. However, knockoutstudies of CTLA-4 showed that mice developed fatal
lymphoproliferative disease with high lymphocyte infiltration and tissue destruction, revealing
the role of CTLA-4 as a negative regulator or an immune checkpoint to maintain
homeostasis[88]. Further experiments with CTLA-4 blockade showed increases in T cell
proliferation and cytokine production, validating its role as a negative regulator of T cell
activation[89, 90].

CTLA-4 also contains the YxxM motif similarly to CD28, but no agreement has been
reached as to which potential inhibitory signaling components are involved[91]. Rather, the
mechanism of action for CTLA-4 was found to occur by binding to the same ligands as CD28
with considerably higher affinity/ avidity and thereby sequestering CD28 ligands to impede a
disproportionate immune response. The currently proposed model for CTLA-4 is trans-
endocytosis, wherein CTLA-4 binds its ligands CD80 and CD86 on the APC to efficiently
remove, internalize, and degrade those ligands[92]. This causes a physical, cell-extrinsic
depletion of ligands for CD28 and as a result, an immunoregulatory mechanism for reduced

CD28 signaling.
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Figure 6. Coinhibitory receptors and their inhibitory functions. From Nirschl CJ, Drake CG. Clin
Cancer Res. 2013 Sep 15;19(18):4917-24.

The coinhibitory B7 family is most notable for its coinhibitory receptor PD-1, which
will be discussed more in the following chapter. Other more recently discovered B7 members,
B7-H3 to B7-H7, are undergoing active research to characterize their functions and ligands

given their impactin T cell suppression and have been found to be generally coinhibitory[93].

LAG-3 is a type | transmembrane protein with highly similar structural motifs with the
CD4 receptor. Like CD4, LAG-3 also binds to MHC-II from APCs but with a much greater
affinity. However, it has not been confirmed that inhibitory action occurs competitively with
CD4[94]. Instead, the unique signaling motif KIEELE has been found to be essential for
inhibitory regulation of activated T cells[95]. The signaling partnersthat LAG-3 engages with
in the intracellular domain are presently unknown. Nevertheless, the inhibitory function of
LAG-3 has been clearly demonstrated in the suppression of T cell expansion and cytokine
production through KO experiments with LAG-3*/-vs LAG-37-CD4+* OT-II T cells[96].
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A member of the TIM family of proteins, TIM-3 - which binds primarily to galectin-9
and to a lesser degree, CEACAM-1, phosphatidylserine, HMGBL1 - does not contain inhibitory
signaling motifs on its cytoplasmic tail[97]. In its inactive, unbound form, the Tyr residues on
the cytoplasmic tail are constitutively occupied by HLA-B-associated transcript 3 (BAT3) and
tyrosine kinase Fyn while inducibly bound by PI3K p85[97, 98]. Once TIM-3 binds its ligand,
BAT3 is released from the cytoplasmic tail and various inhibitory effects are seen in the form
of T cell anergy, disruption of stability in IS formation, and reduced T cell proliferation[99,
100].

Given the vast interest in recent times on coinhibitory receptors, new reports on
functionality and mechanismsas well as novel targets are being uncovered regularly. We will
now move onto the most well-known coinhibitory receptor of this decade and the main focus
of this thesis, PD-1.

1.2 The PD-1 receptor

In 1992, a new coinhibitory receptor, programmed death-1 (PD-1 or CD279), was
discovered by Y. Ishidaand the T. Honjo group[101]. It was initially believed to be a gene
regulating apoptosisin self-reactive immature T cells, hence the name programmeddeath. Over
the next few years, the members of the Honjo group continued to further characterize the PD-
1 receptor, uncovering its role in negative regulation mediated by SHP2 and in controlling
autoimmunity[102-104].

PD-1 is a 288 amino acid, type 1 transmembrane protein that is encoded by the Pdcd1
gene. It contains an Ig variable (IgV) extracellular domain, a transmembrane region, and a
cytoplasmic tail that holds an immunoreceptor tyrosine-based inhibitory motif (ITIM) and an
immunoreceptor tyrosine-based switch motif (ITSM) (Fig. 7)[105]. The role of PD-1 in
adaptive immunity is critical; it serves to create a balance between T cell activation, tolerance,
and autoimmunity. Gene knockout studies of PD-1 in mice has been associated with
accelerated diabetes, excessive immunopathology and mortality in chronic infections as well
as accelerated autoimmunity[106, 107]. Disrupting the PD-1 pathway can drastically affect the
physiology and homeostasis of T cells. However, in the case for chronic infections and cancer,
blockade of the PD-1 pathway serves as a way to increase functional activity against disease
and as an immunotherapy.
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1.2.1 Expression and function of PD-1

PD-1 is typically expressed on T cells, B cells, monocytes, and some subsets of
dendritic cells. Under antigen recognition, naive T cells express PD-1 which is transiently
expressed and decreases in the absence of antigen[108]. The constant presence of antigen such
as chronic infections or cancer causes a prolonged PD-1 expression that is unable to cease and
drives T cells towards an exhaustion phenotype[109]. Nevertheless, the expression of PD-1
aloneon T cells is nota marker forexhaustion; many T cell subsets natively express PD -1 such

as memory T cells, regulatory T cells, and T follicular helper cells[110].

Gene expression of PD-1 is tied to numerous transcription factors that are activated
during T cell signaling. Two conserved regions, CR-B and CR-C, have been identified
upstream of the transcription start site and are associated with the activation of Pdcd1[111].
NFATc1 (NFAT2) is necessary for the initial activation induced expression of PD-1 and binds
strongly to the CR-C region. Numerous sites for NFATc1 binding have been uncovered,
indicating that several NFATc1 transcription factors can drive Pdcd1[112]. AP-1 bindingin
the CR-B region and Notch signaling have been found to drive PD-1 expression as well[113,
114].
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On the other hand, potential transcription factors that are involved in the inhibition of
PD-1 expression are beinginvestigated[115]. T-bet, which binds 500 bp upstreamof the Pdcd1
TSS, has been shown to repress expression of PD-1 but is insufficient on its own to completely
negate PD-1[115]. Blimp-1 has also been implicated as well in the loss of PD-1 expression
followingan acute infection and notably Tfh cells, which are highin PD-1, express Bcl6 which
antagonizes Blimp-1 expression[116, 117]. Interestingly, Blimp-1 expression is positively
correlated with T cell exhaustion, suggesting unknown mechanisms or additional cofactors
involved in PD-1 regulation[118].

The functional effects of PD-1 are well characterized and inhibit the proliferation,
survival, cytokine production and release, and cytotoxicity of T cells[119]. More specific
examples are the reduction of IL-2, IFNy, TNF-a, and IL-10 production, the reduction of
proliferating CD4 and CD8, and the decrease in cytolytic capacity in CD8 for viral
clearance[107, 120, 121].

PD-1 also is implicated in the development of regulatory T cells (Treg) as an indirect,
cell-mediated means of negative regulation. PD-L1 was found to induce Tregs in vitro from
naive T cells shown as increased FoxP3 expression and enhanced immunosuppressive
capabilities[122]. Overexpression of PD-L1 on T cells or K562 myeloid tumor cells were able
to convert Thet* Thl cells into FoxP3* Tregs in vivo and the inhibition of PD-1 signaling
stabilized Th1 differentiation[123]. Furthermore, PD-1 isable to reduce the threshold for TGF-
B—mediated conversion of Tregs[124]. Given the many immunosuppressive roles that Tregs
play — sequestration of IL-2, depletion of costimulatory CD80/ CD86 on APCs, and the
secretion of inhibitory cytokines such as TGF-p and IL-10, the generation of Tregs represents

another facet of PD-1 inhibitory function.

PD-1 also alters the metabolic profile of T cells by sustainingmitochondria activity and
the diversion to fatty acid oxidation (FAQ) and increased lipolysis while impairing glycolysis
and glutaminolysis, thus creating a more oxidative environment[125]. Conventional
proliferating T cells utilize glycolysis to sustain their growth and effector differentiation while
memory T cells operate under FAO for survival[126]. This switch to FAO as well as the
generation of spare respiratory capacity may enable the longevity of T cells receiving PD-1
signals by utilizing a fat-based metabolism. Furthermore, it has been shown that PD-1"
exhausted T cells have an accumulation of depolarized mitochondria and this mitochondrial

dysregulation causes a loss of effector function and cell fitness[127].
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1.2.2 Ligands of PD-1

The ligands of PD-1 are PD-L1 and PD-L2, which contain an N-terminal IgV and C-
terminal 1gC-like extracellular domain, a transmembrane domain, and a short cytoplasmic tail
with very little sequence similarity to other B7 molecules[128]. PD-L1 is constitutively present
on both hematopoietic cells, in particular, myeloid cells and non-hematopoietic tissue cells and
can be further induced by external stimuli. On the other hand, PD-L2 is inducibly expressed on
the surface of myeloid cells such as macrophages, B cells, dendritic cells, and mast cells.

Furthermore, both PD-L1 and PD-L2 can be expressed by tumor cells and stroma[129].

The binding of PD-1 to its ligands involves the front B sheets of the interacting
molecules (PD-L1 — GFCC, PD-L2 - AGFC strands) with contributions from the FG
loops[130]. Although both PD-L1 and PD-L2 bind the same target, they have binding different
mechanisms: PD-L2 has a higher binding affinity (Kd: ~83—143 nM) than PD-L1 (Kd: ~256-
270 nM) from SPR studies and PD-L1 binding requires conformational changes to facilitate
binding whereas PD-L2 bindingto PD-1 is 1:1[131, 132]. However, given the abundance and
basal constitutive expression of PD-L1 throughout the tissue compared to the restricted

expression of PD-L2, PD-L1 represents the primary ligand for PD-1[129].

PD-L1 hasother mechanisms of action to exertits inhibitory effectson T cell signaling.
Soluble PD-L1 is released by PD-L1* cancer cells and found to retain its ability to bind and
trigger apoptotic signals to T cells[133]. PD-L1 is also capable of binding to CD80 in trans but
not CD86 and induce T cell anergy by this interaction[134]. Interestingly, it has recently been
reported that the same CD80: PD-L1 interaction in cis on APCs prevents PD-1 signaling by
reducing PD-L1 availability[135]. Furthermore, PD-L1 and PD-1 are also capable of binding

in cis on APCs, adding another facet of dynamic regulation in T cell signaling[136].

For cancer prognosis, PD-L1 and/or PD-L2 are being investigated as predictors for
cancer therapy outcome. In esophageal cancer, the expression of both PD-L1 and PD-L2 are
associated with unfavorable prognosis for overall survival[137]. The presence of PD-L1* PD-
L2+ CD14* macrophages were also shown to have poor prognosis in hepatocellular
carcinoma[138]. On the other hand, PD-L1 and/or PD-L2 expression in metastatic melanoma
was shown to have an improved overall survival[139]. Also, PD-L1 expression but not PD-L2
was favorable for postoperative prognosis and longer disease-free survival in small lung cell
carcinoma[140, 141].
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1.2.3 PD-1 signaling pathway

As mentioned earlier in this chapter, the cytoplasmic tail of PD-1 contains two
structural motifs: an ITIM (Y223) or (V/I/LxYxxL) and an ITSM(Y248) or (TxYxxL)[142].
Mutational studies on the motifs have uncovered that the inhibitory function of PD-1 is
mediated by phosphorylation of the ITSM - which acts to recruit SHP1/SHP2 to facilitate the
dephosphorylation and downregulation of downstream signaling pathways[121, 143, 144].
Furthermore, it was found that close proximity of PD-1 to CD3 or CD28 was necessary for T
cell inhibition[143]. The ITIM was previously thought to not have any inhibitory effecton T
cell activation but recent reports indicate that it may function to stabilize SHP2 by keeping an

open conformational state[121, 145, 146].

Phosphorylation of PD-1 at the ITSM is upregulated by simultaneous TCR and PD-1
ligation[144]. PD-1 molecules are stabilized by PD-L1 binding and colocalize with CD28 in
the c-SMAC, which brings its cytoplasmic domain in close proximity with both the TCR and
CD28. The phosphorylation of PD-1 Y248 allows for the preferential recruitment and binding
of SHP2 at its SH2 domain which becomes phosphorylated at its catalytic SH3 site and
activated to exert its phosphatase activity. The primary targets of PD-1 are varied alongthe T
cell activation pathway and many results have been confirmed; the question that remains is to
verify whether PD-1 signaling differentially targets the TCR pathway components such as
ZAP-70, Vavl, PLCyl, Ras, Erk or the CD28 costimulatory pathway components such as
PI3K, GSK-3b, Akt, CK2, PTEN or an assortment of both pathways[124, 147-151]. However,
it is agreed that PD-1 receptor needs to be engaged by its ligand and brought into the proximity
of the IS for its inhibitory function[121, 143].

The role of SHP1 in PD-1 signaling is less clear; it does not accumulate in the TCR
microclusters nor does it effectively phosphorylate PD-1[143]. However, it has recently been
found that SHP1 can compensate for the loss of SHP2 and reduce IL-2 production in Jurkat
cell lines, despite a 10-fold preference for SHP2 by PD-1[152]. Furthermore, it has been
recently discovered that SHP2 knockout in mice did not abrogate PD-1 signaling nor did it
preventthe persistence of exhausted T cells in LCMV clone 13 chronic infection and these
mice were shown to be responsive to anti-PD-1 therapy[153]. This indicates that other

mediators of PD-1 signaling pathway have yet to be fully defined.

PD-1 signaling can be overridden by the presence of IL-2 as well as IL-7 and IL-15;
cytokines that are able to induce STAT5 phosphorylation[154]. STATS5 activity is required for
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the maintenance of IL-2RA expression and the uptake of IL-7 and IL-15 can enhance IL-2R

expression as well as IL-2 responsiveness[155].

1.2.4 T cell memory and exhaustion

Activated naive T cells differentiate into effector T cells over a period of 1-2 weeks.
The clonal expansion, tissue relocation, gain of effector functions as well as metabolic,
transcriptional, and epigenetic reprogramming all represent the hallmarks of this effector
phase[156]. With the resolution of inflammation and antigen clearance, activated T cells enter
a contraction phase in which 90-95% of effector T cells will undergo apoptosis[157]. The few
remaining T cells are, depending on the model, either memory precursor T cells derived from
asymmetric division or effector T cells that will undergo epigenetic remodeling to develop into
the memory T cell subset[156, 158]. These memory T cells can be broadly defined into subsets
by phenotype, function, and location: central memory (Tcm), effector memory (Tem), tissue-
resident memory (Trm), T stem cell memory (Tscm)[159]. The memory T cells reduce much
of their activity compared to effector T cells and traffic to their designated locations: lymphoid
tissues (Tscm/Tcm), non-lymphoid tissues/blood (Tem), barrier tissue sites such as skin, gut,
and lungs (Trm)[160]. When reencounteringantigen, these memory T cellsare capable of rapid
upregulation of effector functions and antigen-independent self-renewal through IL-7 and IL-
15 uptake[160].

During chronic infections and cancer, the persistent exposure of antigen as well as
inflammation causes adysfunctional alteration in effector T cells called T cell exhaustion [161].
This term “exhaustion”is definedas a suboptimal response to pathogens or cancer cells marked
by reduced effector functions such as decreased cytokine production and proliferative capacity
aswell as the upregulation of multiple coinhibitorysuchasPD-1, TIM-3, LAG-3 and an altered

transcriptional program and epigenetic landscape[162].

The current model for the lineage of exhausted T cells starts at the point of T cell
memory precursors, mediated by the upregulation of TOX, and adopting a profile of TCF1+
PD-1* TIGIT* as exhausted T cells with their progeny being TCF1- PD-1* TIGIT* terminally
exhausted T cells (Fig. 8)[163, 164]. The principal driver for exhaustion is chronic TCR
signaling mediated primarily by NFAT and other transcription factors such as IRF4, BATF,
NR4A, TOX which altogether upregulate inhibitory receptor expression and maintain the
survival of exhausted T cells[165]. Itis primarily thought that NFAT activation without AP-1
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due to insufficient costimulatory conditions can induce the expression of NR4A and TOX and

drive the exhaustion program[166].
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1.3 Monoclonal antibodies

Antibodies represent the humoral response of adaptive immunity and are characterized
by their high degree of specificity and binding affinity to antigens. Moreover, monoclonal
antibodies (mAbs) are antibodies thatbind to the same antigenic epitope and are produced from
asingle B cell clone compared to polyclonal antibodies, which are generated against the same
antigen but with multiple epitopes from different B cell clones. Ever since the development of
the hybridoma technique in mice in 1975, research into aswell as the utilization of monoclonal
antibodies has grown tremendously, leading to the first licensed antibody for immunotherapy
applications in humans - Orthoclone OKT3 for the treatment of acute transplant rejection in
1986[167, 168]. As of December 2019, there are 79 FDA approved monoclonal antibodies in
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the market targeting a wide range of human disease including cancers, autoimmune disorders,
rheumatism, migraines, and infectious diseases[169].

The structure of an antibody is comprised of two identical heavy chainsand two
identical light chains linked together by a disulfide bond and can be partitioned into distinct
functional domains: Fab (antigen-binding fragments), Fc (crystallizable fragment), and the
hinge region, which connects the first two domains and aids antibodies in their flexibility for
binding epitopes at distance and forming complexes (Fig. 9). The variable region (Fv) on the
Fab contains the hypervariable regions folded as 3 loops of f-strands which are called
complementarity-determining regions (CDRs)[170]. The combination of 3 CDRs fromthe
heavy and light chains create the antigen binding site. The Fc region of the antibody is
responsible for the binding and interaction with Fc receptors (FCR) for immune function. In
humans, the five antibody classes are known as IgA, 1gD, IgE, 1gG, and IgM. Furthermore,
IgA has two subclasses and the 1gG has four subclasses[171].
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Figure 9. Antibody structure and functional relationships. From Wasserman RL, Capra, JD. In Ml
Horowitz, W Pigman (eds.), The Glycoconjugates, Academic Press, 1977, p. 323.
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1.3.1 Characteristics of mAbs in immunotherapy

While a number of different antibody isotypesare possible, in practice, only the 1gG
isotype is used. The main reason is due to serum prevalence as well as longevity: the half -life
of IgA, IgD, IgE, and IgM have been reported to be between 2-5 days, similar to the
pharmacokinetics of serum proteins by renal filtration[172]. On the other hand, the IgG isotype
has an approximate half-life of 21 days due to the FcRn (neonatal Fc receptor). The FcRn is
expressed in the epithelium of the lungs and kidneys and binds tightly to the Cy2—Cy3 hinge
region of pinocytosed IgG in the endosomal compartments and releases IgG at physiological

pH upon recycling into the blood[173].

lgG1 lgG2 - lgG4

9% = allotype variation

Figure 10. 1gG subclasses and their sites for allotype variation. Adapted from de Taeye SW, Rispens
T, Vidarsson G. Antibodies (Basel). 2019;8(2):30. 2019 Apr 25.

Even amongst the 19gG isotype, the majority of monoclonal antibodies used
commercially are the 1gG1 subtype (Fig. 10)[174]. 1gG1 has excellent binding affinity as well
as potent effector functions and historically has been used since the initial development of
therapeutic antibodies. 1IgG2 and 1gG4 have the least binding potential for the FcR and can be
used when lack of effector function is warranted[174].

However, an FcR-independent agonistic activity was observed for the 1gG2 subtype
due to its alternating disulfide conformations in an anti-TNFR mAb, causing an aggregation of
TNFR on the cell surface[175]. Specifically for the case of 1IgG4, Fab-arm exchange can occur
wherein a heavy chain and the attached light chain from one 1gG4 is switched with an other,
thus creating a bi-specific antibody[176]. This was remedied by a single mutation of the S228P
which stabilized the disulfides in the core hinge region and prevented the formation of “half-

molecules”. 1gG3 has notbeen considered due to an increased likelihood for proteolysis from
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an extensive hinge region and reduced half-life (~7 days) compared to other 1gG
subclasses[177].

1.3.2 Fcy Receptors

The family of Fc receptors for IgG or FcyR is expressed widely on hematopoietic cells
and consists of FcyRI (CD64), FcyRlla/b/c (CD32), and FcyRIlla/b (CD16) [178]. The
expression of FcyR is most commonly associated with innate immune effector cells such as
monocytes/macrophages, dendritic cells (DC), neutrophils, basophils and mast cells. For
lymphocytes, NK cells are notable for expressing only CD16 and B cells for the expression of
CD32b with a small minority of both cell subsets expressing CD32c.[179, 180] T cells are not
generally known to express any Fc receptors except for situational cases such as the expression
of CD32ain HIV infected CD4 with high persistent levels of HIV -1 transcription[181, 182].

Each FcyR has its own binding affinities and effector functions for each subclass of
IgG. CD64 is a high-affinity Fc receptor that binds monomeric IgG and immune complexes
with a high binding affinity for IgG1 and IgG4 and it is expressed on monocytes/macrophages,
dendritic cells, and neutrophils[183]. CD32a and CD16a are both low affinity receptors that
bind weakly to monomeric IgG but have higher affinity for IgG1 and 1gG3 over 1gG4 [178].
CD32b is an inhibitory FcyR with weak binding affinity to all IgG subclasses that suppress B
cell activation as well as type | interferon production by DCs[184]. An antibody—FcyR
interaction is influenced by several factors: the type of FcyR bound, the effector cells
expressing the receptor, cytokines that dictate differential levels of FcyR expression, the IgG

subclass and the degree of immune complex formation from the antibody binding[178].

1.3.3 Antibody effector functions

The primary antibody function at its core level is the recognition and neutralization of
antigen. Antibodies mediate the neutralization of toxins or microbial entry and replication and
promote the clearance of antibody-opsonized foreign particles for uptake by phagocytotic
cells[185]. In the context of cancer immunotherapy, antibodies are directed towards tumor
antigens to cause cancer cell death through a variety of different ways. mAbs can induce cell
death by blocking growth factor receptors (anti-EGFR), immunomodulation (anti-CTLA-4),
agonistic (anti-TRAIL), and payload delivery with antibody-drug conjugates (inotuzumab
0zogamicin)[186-189]. However, the other side of an antibody’s mechanism of action lies in

its effector functions mediated through its Fc domain.
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Antibody Dependent Cellular Cytotoxicity (ADCC)

ADCC is triggered by FcyR expressing effector cells that recognize a target cell or
particle that has been opsonized by antibodies. The primary effector cells for ADCC activity
are NK cells through the binding of their highly expressed CD164a, although other cells such as
monocytes/macrophages and granulocytes can also contribute to ADCC[180]. ADCC activity
is mediated by cytotoxic granule release, generation of reactive oxygen species, and
proinflammatory cytokines[190]. The binding of the antibody-Fc region to CD16a causes the
polarization and exocytosis of perforin and granzymes in a calcium-dependent manner which
causes pore formation by perforin, DNA fragmentation, and apoptosis by granzyme B[191].

In a study looking at cetuximab treatment and radiotherapy of head and neck cancer,
high basal levels of both ADCC activity and EGFR expression were associated with higher
probabilities of complete response and overall survival[192]. In another study, patients with a
higher affinity polymorphism to IgG1 on CD16a (158V/F) achieved better clinical responses

than those that did not in non-Hodgkin lymphomawhen treated with rituximab[193].

Antibody dependent cellular phagocytosis (ADCP)

ADCP is the process in which antibody opsonized particles or cells are removed
through phagocytosis. It begins with the initial binding of antibody-Fc region to the FcyR-
expressing phagocyte followed by the receptor clustering and oligomerization of the Fc
receptors[194]. This activates FcyR signaling through the phosphorylationof associated ITAM
by Src family kinases and drives the actin-mediated process of engulfment through Rac1 for
the formation of the phagocytic cup and pseudopod extension around the target cell[195].
CD64, CD32a, CD16a, and CD16b are the phagocytic FcyRs that mediate ADCP and the main
effector cellsare macrophages, monocytes, NK cells, and neutrophils[196-199]. Recent studies
using intravital microscopy have shown that ADCP is a major mechanism involved in the
Killing and removal of tumor cells[200, 201].

The role of ADCP in immunotherapy are further validated by studies on the blockade
on anti-phagocytotic receptors such as the CD47/SIRPa axis. CD47 is an IgSF transmembrane
protein that is constitutively expressed on all viable nucleated cells and red blood cells and
binds to SIRPa receptors on macrophages[202]. It functions as a “don’t eat me” signal and has
been shown to be overexpressed in some malignant cancers[203-205]. Blockade of this
receptor has generated recent interest due to a potential combination therapy approach of

blocking CD47 in tandem with anti-cancer immunotherapeutics. Xu, L et al. showed that

33



blockade of CD47 in parallel with a CD19/CD3-bispecific T cell engager blinatumomab led to
significantly highertumorvolume reductioncompared to each treatmentalone in non-Hodgkin
lymphoma grafted NOD/SCID mice[206]. In another study by Ring, N.G. et al., anti-SIRPa
(KWARZ23) in tandem with rituximab outperformed individual treatments in the tumor control

of Burkitt’s lymphomain SRG (knockin of human Sirpa) mice [207].

Complement-dependent cytotoxicity (CDC)

CDC represents one of the effector mechanismsfor IgM and IgG antibodies. CDC is
efficiently activated by human IgG1, 1gG3, and IgM with weak activation from IgG2 and no
activation from 1gG4[208]. The reaction is started by C1q binding antibody complexed with
antigen such as a pathogen or cancer cell which leads to the cleavage of complement cascade
proteins through the classical complement pathway and ending with the formation of the
membrane attack complex (MAC) for cell lysis[209]. Most mAbs approved for cancer
immunotherapy are IgG1 subtype which has high activity for complement binding and
activation.

Rituximab, which is used for B-cell malignancies, has been shown utilize complement
to mediate anti-tumor function[210, 211]. Alemtuzumab, which is also used for B-cell
malignancies, has been shown to increase CDC activity after combining treatment with
ofatumumab[212]. However, tumor cells also express membrane bound complement regulators
such as CD46, CD55, and CD59 which reduces the formation of the MAC and thereby cell
lysis. These proteins are overexpressed in some tumor types and their upregulation is
contributed to mADb resistance[213-215]. Targeted depletion of these complement regulators is

being considered as a way to improve efficacy of anti-tumor mAbs[216, 217].

1.3.4 Immunomodulatory antibodies

Checkpoint blockade inhibitors such as CTLA-4 and PD-1 fall under the
immunodulatory antibody category as these antagonistic mAbs block or inhibitinteraction with
their ligands to enhance T cell responses and thereby modulate the immune system directly.
By function, the 1gG4 isotype represents the best candidate for these antibodies because of its
minimal interaction with Fc receptors and diminished ADCC and CDC activity from myeloid
and NK cells. Some immunomodulatory antibodies are targeted to activate costimulatory
receptors such anti-GITR or anti-CD40 and represent an agonistic mechanism to enhance

immunological responses[218, 219].
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As the first checkpoint blockade inhibitor to enter the clinic in 2011 for the treatment
of melanoma, anti-CTLA-4 antibody ipilimumab was designed to block CTLA-4 in its
competitive binding for CD28 ligands, CD80 and CD86; thereby, allowing CD28 to continue
signaling for T cell activation[220, 221]. The blockade of CTLA-4 signaling ultimately
prolongs T cell activation via extended CD28 signalingand as a result, restores proliferative
capacity and enhances T cell mediated effector functions[222].

Ipilimumab has shown strong durable responses for patients with stage 3 or stage 4
metastatic melanoma with median overall survival being 10 months in patients receiving
ipilimumab plus gp100 versus 6.4 monthsin patients receiving gp100 alone [223]. Similarly, in
a dual therapy of ipilimumab plus dacarbazine for metastatic melanoma, overall survival rates
at1, 2, and 3 years showed a significant benefit in dual therapy arm with 47.3%, 28.5%, and
20.8%, respectively, compared to the placebo plus dacarbazine arm, 36.3%,17.9%, and 12.2%,
respectively[224].

Interestingly, the anti-CTLA-4 antibody ipilimumab is an 1gG1 antibody which would
still retain Fc effector functions and in fact, one of the known mechanisms of action for
ipilimumab is the cytotoxic depletion of inhibitory Tregs[225-227]. In a study by Rosskopf, S.
etal., substitution of 1gG1 subclass to 1gG4 on ipilimumab was found to increase proliferation
and cytokine production in stimulated CD4+ ex vivo, indicating potential adverse effects of
ADCC induced by ipilimumab-1gG1[228]. However, tremelimumab - anti-CTLA-4 antibody
in IgG2 format - has failed spectacularly over the yearsto pass phase Il clinical trials[229]. It
is believed that the 1gG2, which does not bind efficiently FcyRs, represented a significant loss
of cytotoxicity against Tregs which express higher levels of CTLA-4 than intratumoral T cells

and therefore, a loss of one of the important mechanisms for anti-CTLA-4 therapy[229, 230].

1.3.5 PD-1 antibodies

Although now commonly regardedin the field of cancer immunotherapy, itis important
to remember that the anti-PD-1 antibodies, pembrolizumab and nivolumab, were only recently
approved by the FDA in late 2014 for the treatment of melanoma, although anti-PD-1
antibodies have been under preclinical development since the mid-2000s[231]. Anti-PD-1 and
anti-PD-L1 mADbs have now been tested and approved for the treatment of a variety of cancers
such asnon-small lungcancer, renal cell carcinoma, squamous cell carcinomaof headand neck,

hepatocellular carcinoma, and more[232]. Currently, there are 3 FDA approved anti-PD-1
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antibodies: pembrolizumab, nivolumab, and cemiplimab and there are also 3 FDA approved
anti-PD-L1 antibodies: atezolizumab, avelumab, and durvalumab[233]. Ongoing research on
PD-1/PD-L1 axis continues to reveal more information on the mechanisms and consequences
of anti-PD-1 blockade.

The prolonged presence of antigen in cases of chronic infections or cancer leads to high
PD-1 expression and an accumulation of T cells with an “exhausted” phenotype[107, 234].
Anti-PD-1 therapy aims to enhance T cell responses and restore attenuated T cell activity from
exhaustion seen as functional increases in T cell proliferation, cytokine production, and
cytolytic activity[120, 235]. Many cancer types overexpress PD-L1 and/or PD-L2 due to
growth factors, hypoxia, or the presenceof cytokines such as IFNy, IL-10, and/or TGFp present
in the tumor microenvironment; therefore, tumor infiltrating lymphocytes (TILs) become less
effective in this immunosuppressive microenvironment, permitting the evasion and growth of
cancer cells[236-238]. In this regard, PD-1 therapy has been shown to provide significant and
durable objective responses in patients with certain types of cancers. Inaphase Il clinical trials
for patients with advanced squamous-cell non—small-cell lung cancer, nivolumab or the
standard docetaxel treatment arms were compared[239]. Median overall survival and response
rates was found to be 9.2 monthsand 20% for nivolumab compared to 6.0 monthsand 9% for
docetaxel. Inanother study for patients with advancedrenal-cell carcinoma, the medianoverall
survivaland objective response rate was 25.0 months and 25% for nivolumab comparedto 19.6
months and 5% for the standard treatment with everolimus[240]. Finally, in a phase Il1 clinical
trial for advanced melanoma, pembrolizumab was found to prolong progression free survival
and overall survival while incurring less high-grade toxicity compared to ipilimumab[241].
There are numerous other reports and reviews on the efficacy of PD-1 therapy as a
monotherapy or in combination with other drugs/ immunotherapeutics for the treatment of
many different cancer types[233, 242-244].

The expression of PD-L1 on tumors is generally associated with poor prognosis for
some cancer types[245]. In melanoma, PD-L1 expression defined a melanoma subset with
distinct genetic and phenotypic features such as the upregulation of integrin o subunits as well
asincreased aggressivenessandinvasiveness [246]. For patients with completely resected stage
I squamous cell carcinoma of the lung, a combination of no PD-L1 expression in tandem with
low NLR (neutrophil to lymphocyte ratio) - a surrogate marker for immune activation, was
shown to significantly predict positive recurrence-free survival and overall survival[247]. In

patients with inoperable locally advanced non-small cell lung cancer undergoing concurrent
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chemoradiotherapy, median progression free survival (PFS) was shown to be 19.9 months in
patients without PD-L1 expression and 10.1 months in patients with PD-L1 expression[248].
In a univariate survival analysis of breast cancer cases, high expression of PD-L1 detected by
immunohistochemistry had a significantly worse OS than PD-L1 negative breast cancer
specimens [249]. However, some studies have also argued against the significance of PD-L1
expression asahbiomarker for cancer prognosis, indicatingthat further biomarker analysis could
include additional covariates such as tumor antigens, tumor mutation burden, or microRNA
expression to better predict prognosis[250-254].

As mentioned in earlier chapters, PD-L1 expression on tumors, on the other hand, acts
as a positive predictive marker for effective PD-1 therapy[255]. The FDA approved of
intratumoral PD-L1 immunohistochemistry as a companion diagnostic for pembrolizumab in
treatment of advanced NSCLC[256]. In the Keynote-040 trial for recurrent or metastatic head-
and-neck squamous cell carcinoma, the proportion of patients with tumors expressing PD-L1
showed a higher objective response and progression-free survival than patients with PD-L1
negative tumors in the pembrolizumab treated group[257]. In the phase | study for in patients
with advanced non—small-cell lung cancer treated with pembrolizumab, tumor expression of
PD-L1 was correlated with enhanced likelihood of responses to pembrolizumab[258]. In the
study by Jreige, M. et al., an inverse correlation was found with PD-L1 expression in tumor
cells and the MMVR (ratio of metabolic to morphological lesion volumes)[259]. Furthermore,
low expression of imaging marker MMVR with PD-L1 expression in tumors was correlated
with radiological outcomes to PD-1 therapy.

There is no definitive evidence at the moment that indicates whether blockade against
PD-1 or its ligand, PD-L1, is more effective or demonstrates higher functional activity than the
other. However, meta-analysis studies have attempted to investigate this and their results show
that anti-PD-1 therapy may be more effective than anti-PD-L1[260, 261]. In the meta-analysis
review by Duan, J. et al., 19 randomized clinical trials across various tumor types were
compared, involving a total of 11,379 patients, and found that anti—PD-1 therapy showed
increased overall survival (HR: 0.75) and progression-free survival (HR: 0.73) compared to
anti-PD-L1 therapy[261]. Furthermore, in two large phase I clinical studies against multiple
advanced cancers, objective response rates for anti-PD-1 therapy were 27% for renal-cell
cancer, 28% for melanoma, and 18% for non-small lung cancer while for anti-PD-L1 therapy,
12%, 17%, and 10%, respectively[262, 263]. In a comparison for anti-PD-1 vs anti-PD-L1

therapy in patients with advanced non—small cell lung cancer undergoing therapy with
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nivolumab or atezolizumab (anti-PD-L1), anti-PD-L1 therapy was found to have significant
gene expression changes in CD14*+ monocytes compared to T cells and differential gene
analysis showed increases in inflammation-associated genes such as HBEGF, IL-1p,
CXCL1/GROa, CXCL2, and NLRP3, resulting in an inflammatory response from myeloid
cells[264].

Resistance to PD-1 therapy

Despite these successful improvements for cancer treatment by PD-1 therapy, the
response rates from PD-1/PD-L1 inhibitors overall remains inadequate and have limited
applications to certain cancer types. Furthermore, a significant proportion of patients
undergoing PD-1 therapy remain partially responsive or unresponsive [265, 266]. Patients that
are unresponsive to initial treatment with PD-1/PD-L1 therapy are known to have primary
resistance while patients that showed a strong initial response but continued to develop
progressive disease are known to have acquired resistance[265].

Primary resistance to PD-1 therapies includes insufficient T cell generation, infiltration,
or exclusion which can be partially or wholly attributed to lowered immunogenicity of
tumors[267]. In tumors that are not significantly differentiated from tissue of origin or have
maintained low levels of mutational burden, a strong tumor antigen response is not effectively
generated, resultingin the absence or low levels of CD8+[266]. Cancers such as pancreatic and
prostate cancer have few somatic mutations and are resistant to PD-1 therapy[268]. The
presence of immunosuppressive cells in the tumor microenvironment also greatly affects the
outcome of PD-1 therapy. Intratumoral Treg, MDSC (myeloid derived suppressor cells), and
TAM (tumor associated macrophages) are negatively associated with the efficacy of PD-1
therapy through the promotion of tumorigenesis, restriction of T cell responses, and the
secretion of immunosuppressive cytokines and metabolites[269-271]. For acquired resistance
to PD-1 therapy, failure of the relief of T cell exhaustion is considered to be a critical factor.
PD-1 therapy restores the activity of hypofunctional exhausted CD8* T cells but epigenetic
stability of the exhaustion phenotype limits the extent in which exhausted T cells can change
to memory T cell state[272, 273]. A higher ratio of restored exhausted T cells to pretreatment
tumor burden was correlated with higher clinical response to PD-1 therapy[274]. However, if
the tumor burden/ antigen load remains high and the restored TILs remain unable to clear the
tumor, the PD-1 treated T cells revert back to an exhaustion phenotype[273]. Compensatory

coinhibitory signaling has also been observed in TILs upregulating LAG-3 and FCRL6

38



expression after relapse of initial treatment of PD-1 therapy in melanoma[275]. Cancer
immunoediting can also increase neoantigen loss which may result in acquired anti-PD1
resistance due to the selective pressure of tumor subclones that can evade anti-tumor immunity
after treatment[276]. Other mechanisms of primary and/or acquired resistance to PD-1 therapy
are specific tumor mutations in B2M which affect antigen presentation by MHC-I and JAK1/2
resulting in the impairment of IFNGR signaling as well as upregulation of histone
methyltransferase Ezh2 to reduce antigen processing mechanisms and immunogenicity. [277,
278].

Despite the significant advances made in the success of PD-1 therapy as well as the
limitations, further understanding of the mechanisms of action in anti-PD-1 therapy within
immunological settings are necessary to implement more effective approaches for improving
the outcomes of cancer immunotherapy. In this thesis report, we aim to investigate the intrinsic
properties of anti-PD-1 antibodies on their target memory T cell populations and to see if other

alternative mechanisms play a role in restoring T cell responses.
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CHAPTERI1: RESULTS

Paper I: Tumor suppression of novel anti—-PD-1 antibodies mediated through CD28
costimulatory pathway

Monoclonal antibodies againstthe PD-1 receptor block the PD-1-PD-L1 bindingsite. Although
these commercialized PD-1 antibodies are now a standard line of treatment for a number of
cancer types such as non-small cell lung cancer and advanced melanoma, only a fraction of
these patients show significant, long-term clinical responses. Therefore, the work is needed to
define the mechanisms of anti-PD-1 therapy in order to better address these limitations and

pursue ways to improve them.

Our group had identified a high-affinity antagonistic mAb against PD-1 that does not block the
PD-1-PD-L1 interaction site. Structural analysis by X-ray crystallography showed that the
binding epitope for this non-blocking anti-PD-1 antibody (NBO1b) lie on the opposite face of
the PD-L1 bindingsite. Interestingly, we found that this non-blocking anti-PD-1 antibody was
able to increase cytokine production (IFNy, TNF-a, and IL-10) and antigen-specific
proliferation in T cells, similarly to blocking PD-1 antibodies.

We performed CD3/CD28 stimulation and PD-L1 coinhibition to investigate if any differential
signaling pathways could be observed between the blocking (pembrolizumab) and non-
blocking (NB0O1) anti-PD-1 antibodies. Both NBO1 and pembrolizumab were capable of
significantly restoring Akt S473 and PDK1 S241. We found that NBO1 also restored Akt T308
and significantly more Akt S473 signaling compared to the pembrolizumab while

pembrolizumab restored more Ca?* and NFAT signaling from PD-1 inhibitory signals.

Lastly, we found that that the coadministration of both pembrolizumab and NBO1 was able to
significantly enhance tumor clearance in an MC38 mice model compared to monotherapy.
These results show that blockade of the PD-1-PD-L1 interaction site is not necessary for an
antagonistic effect and that anti-PD-1 antibodies binding different epitopes may exert different
functional effects on T cell activation.
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Contribution: My contributions for this paper were the development and implementation of
the phosphorylation and calcium flux experiments as well as the analysis for these data. | have

also written the results and materials and method sections regarding those experiments.

Paper I1: T-cell exhaustion in HIV infection

T cell responses are critical for the elimination of pathogens and cancer cells and T cell
activation represents a process of antigen recognition, receptor costimulation, and signal
termination. T cell activation leads to the control and elimination of pathogens but in the
contextof HIV, the presence of high levels of viral replication and lack of clearance to antigens
creates a dysfunctional status called exhaustion. As a progressive condition, T cell exhaustion
is correlated with the increasing loss of effector functions such as cytokine production and
cytotoxic capacity in parallel with increased expression of coinhibitory receptors. We will
review the role of T cell exhaustion in the progression of HIV, defects in T cell function in
patients undergoingantiretroviral therapy, exhaustion markers that designate the HIV reservoir

in latently infected cells, and targeted approaches to achieving a functional cure.

Contribution: My contribution for this review were the drafting and writing of the sections on

immune signaling and negative regulators.

Paper I11: An alternative Fc-mediated mechanism of regulating PD-1 expression in anti-
PD-1 therapy (Manuscript under preparation)

The blockade of PD-1 interaction with its ligands PD-L1 and PD-L2 is an important
determinant in potentiating the antigen specific activation of PD-1* T cells; however, it is not
clearly known if any other cell-extrinsic interactions are involved for anti-PD-1 therapy. We
evaluated the kinetics of PD-1 antibody internalization and PD-1 receptor downregulation after
an initial observation that PD-1 expression was decreasing with the treatment of anti-PD-1 on

PD-1* memory T cells.

By using a pH-sensitive dye, pHrodo, conjugated to anti-PD-1 antibodies, we observed that
PD-1 antibody internalization was more rapid, occurring over a few hours, compared to PD-1
receptor downregulation, a process which took over a 24-hour window. We then purified T
cells and observed that the downregulation effect was significantly lost while PD-1 antibody

internalization still occurred. Reconstitution of the CD3-and CD14+* fractions restored this PD-
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1 downregulation effect on memory T cells, indicating that monocytes were the likely

mediators of this interaction.

A broad panel of compounds were tested to screen for inhibitors that could prevent PD-1
downregulation but not anti-PD-1 internalization in which dasatinib and 3-MA were found.
Pulse-chase experiments with bound pHrodo-anti-PD-1 antibodies and unlabeled antibodies in
the supernatant verified monocytes as the primary mediators of PD-1 downregulation.
Furthermore, dasatinib-mediated inhibition of FcyR activity on monocytes prevented the

acquisition of PD-1 antibodies bound on the T cell surface.

To determine which FcyR were involved in PD-1 downregulation, we transiently transfected
293T cells to express CD32a and CD64 cocultured with primary T cells. Here, we found that
while both CD32a and CD64 were able to significantly downregulate PD-1 expression, CD64
represented the majority of this interaction and was significantly lower than CD32a.

Finally, we tested forthe requirementof the FcyR in restoring CD8* proliferation from antigen-
specific stimulation using the standard format antibody vs F(ab’), variants. We found that
standard format generated significantly higher amounts of antigen-specific CD8 than their
respective F(ab”), variants. These results indicate that CD14* monocytes are necessary for the
mAb mediated PD-1 downregulation on T cells via CD64 binding and that this interaction can
enhance T cell functionality.

Contribution: My contributions were the design, implementation, and data analysis of all

experiments except the IHC experiments as well as the drafting and writing of the original

manuscript and creation of the figures.
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Chapter I11: DISCUSSION

This PhD thesis is composed of two parts investigating anti-PD-1 mechanism of action: 1)

The functional differences between a blocking and non-blocking antibody and 2) An FcyR
mediated downregulation of PD-1 with anti-PD-1 antibodies. The discussion will be split into

2 sections and each section will address the underlying hypothesis.

Hypothesis 1: The novel non-blocking anti-PD-1 antibody differs in its
mechanism of action from the traditional blocking PD-1 antibodies

We isolated 5 out 156 hybridoma clones selected for high-affinity antagonistic anti-PD-1
activity and that bound to PD-1 independently of PD-1-PD-L1 blockade. Competitive binding
studiesusinga PD-1* Jurkatcell lineand PD-1-PD-L1 interaction studies were done to confirm
that these novel antibodies were unconditionally non-blocking of the PD-1-PD-L1 interaction,
which was measured by simultaneous competitive binding with blocking PD-1 antibody and
the candidate non-blocking PD-1 antibodies. This verified that the non-blocking PD-1
antibodies did not sterically interfere with PD-L1 binding to PD-1 nor did the binding cause a
conformational change that would reduce PD-L1 binding affinity. The results from the hPD-1-
NBO1 Fab crystal structure as well as epitope mapping studies through the site-directed
mutagenesis of PD-1 would later show that the non-blocking PD-1 mAb bound to an epitope

on the opposite face of the PD-1-PD-L1 interaction site.

We also observed that both blocking and non-blocking anti-PD-1 antibodies similarly
increased the proliferation of antigen-specific CD8 and significantly increased the IFNy, TNF-
a, and IL-10 production. These results shed new insight on the necessity of a ligand blocking
interaction foranti-PD-1 therapy. Additionally, we foundthat the combination of both blocking
and non-blocking antibodies significantly enhanced both cytokine and proliferation profiles
overthe monotherapyalone, provingthatboth blockingand non-blockinganti-PD-1 antibodies

can work in tandem to produce a synergistic effect.

Using an anti-CD3/ anti-CD28 with hPD-L1 for coinhibition, we saw that blocking
(pembrolizumab) and non-blocking anti-PD-1 (NBO1) antibodies relieved PD-1 inhibitory
function by distinct pathways. Pembrolizumab was shown to have a higher ef fect in restoring
Caz* flux and NFAT expression while NBO1 was more elevated in both Akt phosphosites,
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indicative of the CD28 costimulatory pathway. Numerous studies have shown thatcomponents
of the TCRand CD28 pathways are suppressedby PD-1 signaling[124,149-151]. PD-1 ligation
induces proximal phosphatase activity by SHP2 which affects TCR-associated kinases such as
ZAP-70, Lck, and Erk1/2 as well as the phosphorylation of CD28 which leads downstream to
the PI3K-Akt pathway. Anti-PD-1 blockade has been shown to reduce T cell exhaustion by
preventing the recruitment of PD-1 into TCR microclusters[143, 151, 162].

The immunoprecipitation studies showed that pembrolizumab formed a physical interaction
between PD-1 and CD28 along with cytoplasmically bound PI3K after T cell activation. This
colocalization of PD-1 and CD28 indicates that even with PD-1 blockade, the PD-1
signalosome remains in close proximity to its CD28 target and would reduce the costimulatory
signals nearby. On the other hand, NBO1 did not significantly immunoprecipitate with CD28,
which means that NBO1 binding the opposite face of PD-1 causes a further segregation from
CD28 and allows for increased CD28 signaling, which is consistent with our results on Akt
phosphorylation. Our results also agree with Hui et al., who demonstrated that CD28 is the
primary substrate for dephosphorylation through PD-1/SHP-2[151].

One aspect that could better understood is the visual confirmation of both blocking and non-
blocking PD-1 antibodies and spatial resolution of their colocalization with CD28 and/or
associated PI3K. Advancements in use of supported planar bilayers in conjunction with total
internal reflection fluorescence microscopy (TIRFM) could help answer these questions. [279-
281] Briefly, GPl-anchored proteins of interest such as ICAM-1, CD80, and antigen-specific
MHC-1 are incorporated into liposomes that will fuse with a glass surface and form a planar
lipid bilayer[282]. Transgenic T cells specific for the MHC-1 will be stimulated by the bilayers
containing cognate peptide and in the presence or absence of blocking/ non-blocking PD-1
antibodies. Finally, the bilayer-T cell conjugate will be fixed andstained for proteins of interest
These experiments on PD-1 spatial localization were performed by T. Yokosuka et al. in their
remarkable investigation of PD-1 recruitment of SHP2 at the IS and that anti-PD-L1 blockade
interrupted the recruitment of PD-1[143]. In a similar fashion, we would like to investigate the
different PD-1 antibodies and how the presence of bound PD-1 antibodies can change the
Kineticsin which CD28, PI3K, or TCR signaling components are differentially included during

the formation of the IS for future experiments.
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We also observed a lower amount of cytokine production from the NBO1 compared to
pembrolizumab given its limited effect on restoring the NFAT pathway. However, NBO1 was
shown to enhance antigen-specific proliferation when in combination with pembrolizumab,
thereby engaging both the NFAT and NF-xB pathways. This led to the rationale that there
could be a synergistic effect to substantially increase both T cell activation pathways with

combination treatment of blocking and non-blocking antibodies.

Using the combination of blocking / non-blocking anti-PD-1, we observed increased CD8*
proliferation, increased cytokine production and increased Ca2* mobilization compared to the
monotherapy. Using two mouse tumor models established with immunogenic colon carcinoma
MC38 cell line and highly aggressive and poorly immunogenic melanoma B16F10 cell line, it
was shown that blocking and non-blocking anti-PD-1 antibodies had equivalent activity and in
the MC38 study, the combination therapy significantly suppressed tumor growth, with a 2.4 -
fold increase for complete tumor control and a trend toward improved survival compared with
anti-PD-1 monotherapies. In contrast, we did not observe significant, lasting anti-tumor
activity in the B16F10 model for either the monotherapies nor the combination therapy.
Limited antitumor effects in this study have been consistent with other studies using the
B16F10 model for anti-PD-1 therapy given the rapid growth and tumor escape for this cell
line[283-285]. Itis likely that there was not enough time for anti-PD-1 antibodies to develop
an impactful immune response with only two doses administered on day 7; however, the rapid
growth of the B16F10 is unparalleled in comparison to human cancer. Another further
investigation that could be added to the in vivo studies are the use of other tumor cell lines
expressing different levels of PD-L1 such as: MCF-7 and MDA-MB-231, breast cancer cell
lineswith high levels of PD-L1 expression or A549 and HepG2, lungcancer and hepatocellular
carcinoma cell lines with low PD-L1 expression[286]. While the outcome of PD-1 therapy is
generally correlated with PD-L1 expression on the cancer cells, we could experimentally verify
if this combination of blocking and non-blocking anti-PD-1 antibodies could also effectively

reduce tumor size in PD-L1 low or negative tumors.

In this study, we have identified a novel class of non-blocking antagonistic anti-PD-1
antibodies that preferentially act on the CD28-PI3K-Akt costimulatory pathway. The
combination of blocking and non-blocking anti-PD-1 antibodies produced a synergistic effect

in restoring T cell functionality and an enhancement of anti-tumor activity. These results bring
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new insight on the mechanisms by which different anti-PD-1 antibodies can differentially

relieve PD-1 inhibitory signals and can provide novel strategies for cancer immunotherapy.

Hypothesis 2: Anti-PD-1 mediated downregulation occurs through an interaction
with FcyR expressing cells.

In this study, we have shown that PD-1 antibody internalization and PD-1 surface
downregulation occur as distinct processes. The internalization of anti-PD-1 antibodies in
memory T cells was shown to be more rapidly induced and occurred regardless of the
composition of its surrounding cells in a T cell intrinsic process. To our knowledge, this is the
first reported study showing primary human T cells engaging in the active internalization of
anti-PD-1 antibodies.

Even though antibody internalization could be attributed to intrinsic surface PD-1 receptor
turnover, we did not observe any increases in surface PD-1 expression with MG132 inhibition
of the proteasome comparedto the no inhibitor control, indicating that proteasomal receptor
degradation was not a factor in regulating PD-1 surface expression. This stood in contrast with
a previous report that showed PD-1 surface expression increasing when the proteasomal
degradation pathway was blocked [287]. However, the regulation of activation induced PD-1
expression under stimulation conditions compared to the PD-1 exhaustion profile on
chronically infected, unstimulated memory T cells we used in this study may explain this
disparity. Furthermore, when memory T cells were treated with bafilomycin A, we saw an
increase in surface PD-1 expression which indicated that anti-PD-1 antibody binding directed

the lysosomal degradation of the PD-1 receptor.

We observed that the downregulation of total surface PD-1 expression in memory T cells
occurred more slowly with peak downregulation occurring between 24-48 hours and required
the presence of Fc receptor expressing cells. Monocytes were shown to be the cell subset with
the highest impact for the PD-1 downregulation effect within the PBMC composition and
increased monocyte frequencies positively correlated with the degree of surface PD-1
downregulation. Several studies have shown that with monoclonal antibody therapies targeted
against CD4,CD20,CD25,CD30,CD38,CTLA-4,and PD-L1, FcyR-expressingeffector cells
such as monocytes, macrophages, and granulocytes had a significant effect in downregulating
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surface receptors by the crosslinking of the Fc domain of target antibody bound to its antigen
and an FcyR in trans [227, 288-294]. The effects of anti-CD20 antibodies on downregulating
surface CD20 expression hasbeen heavily investigated over the past decade. The recent paper
by Dahal, L. et al showed that the internalization and the downregulation of anti-CD20
antibodies occurred as separate processes whereby the downregulation of anti-CD20 on
opsonized B cellsoccurredasabyproductof phagocytotic events by macrophages in conditions
where antibody internalization was not active [295]. Moreover, the authors found that
obinutuzmab, a type Il anti-CD20 antibody with low internalization capacity, had increased
downregulation in primary CLL samples mediated by monocyte-derived macrophages. The
culmination of these reports show that antibody mediated receptor downregulation represents
an underappreciated but consistently observed effect that has the potential to dictate the

outcomes in mADb therapies.

The availability of FcyR binding was shown to be critical in observing PD-1 downregulation
as shown by the FcyR blockade experiments. The transfection studies revealed that the FcyR
CD64 was primarily responsible for producing this effect. CD64 expression is mainly
expressed on monocytes/macrophages and monocyte-derived DCs while inducible in
neutrophils, eosinophils, and mast cells and therefore, the likely mediators of this interaction
by homeostatic abundance would be the monocytic population [183]. In the work by Kreig, C,
et al., higher frequenciesof CD14* CD16- HLA-DR* CD64* monocytes were shown to be a
positive indicator for anti-tumor responses in anti-PD-1 therapy measured by progression-free
survival and overall survival in responders compared to non-responders in stage IV melanoma
[296]. While the authorsdid notconclude onthe mechanismthatdrove this finding, we believe
that antibody induced PD-1 downregulation linked to higher monocytic frequencies may play

arole in this observation.

In order to verify that the memory T cells affected by anti-PD-1 therapy had an exhausted
profile, we added markers that defined exhaustion during the antigen-specific proliferation
assays. We observed that the majority of the proliferating antigen-specific CD8* were TCF1-
CD127-CD28-and CXCR3* CD39* CD244+* Eomesh in accordance with the current terminal
T cell exhaustion model (data not shown)[162, 165]. We also observed that a smaller
proportion (~5%) of proliferating CD8* were TCF1* which represented the precursor

exhausted T cell phenotype[297]. This convincingly showed us that anti-PD-1 antibodies were

47



effective in restoring proliferative capacity in exhausted CD8*. However, we did not observe
that significantly more TCF1* precursor exhausted T cells were preferentially expanded
compared to TCF1-terminally exhausted T cells under anti-PD-1 treatment as shown in other
works[297-300].

Interestingly, we observed that PD-1 downregulation on memory T cells reverted back to
approximately ~30-50% of its initial expression after 48 hours when anti-PD-1 antibodies were
removed from the supernatant (data not shown). The epigenetic stability of differentiated,
exhausted T cells has been shown to be marginally remodeled after PD-1 blockade[273].
Genome-wide modifications such as Pdcdl locus DNA methylation, loss of inhibitory
H3K9me3/ H3K27me3 histone marks, and upregulation of activator FoxO1 leads to a high,
consistent expression of PD-1 in exhausted T cells even after the removal of antigen
presence[109, 301-303]. PD-1 blockade does not completely reprogram exhausted T cells to
the memory or effector phenotype and is seen as the lack of durable response in presence of
antigen[273].

Another observation was thatdespite the effectof PD-1 downregulation reachingup to a ~90%
reduction of PD-1 expression on total memory CD4* and CD8*, we did not observe a complete
loss of PD-1 surface expression. Preliminary studies did not show any differences in
downregulation between T cell memory subsets CM, EM, and TM, indicating that other
classifications fora T cell subset resistant to PD-1 downregulation are warranted. Future
investigations could possibly include mass cytometry to phenotype this unaffected population
more thoroughly by including a combination of exhaustion markers, adhesion markers, and
transcription factors or by RNA-seq on sorted PD-1* T cells vs PD1-1- after anti-PD-1
treatment to understand the transcriptional differences between the memory T cells that are
permissive to PD-1 downregulation or not. If this loss of PD-1 downregulation effect on the
unaffectedsubsetcan be associated with persistenceof a particular T cell exhaustion phenotype,

this could potentially be another mechanism for anti-PD-1 therapy resistance[304].

There have been previous reports that show that PD-1 antibodies are affected by Fc-FcyR
interactions and other groups have evaluatedthe detrimental effects of PD-1 antibodies binding
to Fc receptors on macrophages within the tumor microenvironment. Lo Russo et al. showed

that Fc-FcR interactions with nivolumab aided in tumor progression in SCID mice with patient-
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derived xenografts from NSLC hyperprogressive patients [305]. Furthermore, Arlauckasand
colleagues showed reduced treatment efficacy with anti-PD-1 transfer and uptake by
macrophages in C57BL6/J mice with MC38 murine adenocarcinoma [306]. In both studies,
while the specific Fc receptors involved were not clearly explicated, experiments with Fc
receptor blockade or deglycosylated/Fab, antibodies showed tumor size reduction in their in
vivo model. This stood in contrast with our results which showed a significantly increased
functional recovery of memory T cells when using the complete mAb over its respective
deglycosylated or Fab,variant. A possible explanation for this discrepancy would be the type
of macrophages that make up the tumor microenvironment in an in vivo model. The phenotype
of tumor-associated macrophages (TAM) in the tumor milieu is governed by the presence of
cytokines and growth factors that regulate differential expression levels of CD64 as well as
M1/M2 polarization. Interestingly, increasing levels of inflammatory IFNy or anti-
inflammatory IL-10 have both been shown to drive CD64 expression on tissue macrophages
which indicates that both anti- and pro-tumorigenic responses can produce effector myeloid
cells capable of downregulating PD-1 expression on T cells [183]. Nonetheless, a higher M1-
IM2-like ratio has been shown for various cancer types to be a predictor for better prognosis
[307-309]. The role of macrophages within the tumor microenvironment remains contentious
and the depletion of existing anti-tumor macrophages may be detrimental to controlling tumor
burden. A more conciliatory approach would be the reprogramming TAMs to a more
proinflammatory phenotype such as the use of CD40 agonists, anti-MACRO or PI3Ky
antagonists in parallel with anti-PD-1 therapy which would be able to increase anti-tumor
effects of tissue resident macrophages while increasing CD64 expression and mediating PD-1
downregulation [310, 311]. The limitation of our study was the use of an ex vivo system with
monocytes as the primary mediator of this interaction and thereby, losing the effect of tumor
polarized macrophages and the cytokine composition of the tumor microenvironment.
However, the use of human anti-PD-1 antibodies with human primary cells in our study
represents a simpler yet relevant model to reveal the possible human Fc-FcR interactions in

PD-1 therapy that can be further investigated.

The results presented here shows the relevance of an alternative, FCR mediated mechanism by
which PD-1 antibodies can downregulatethe expression of PD-1 on memory T cells, regardless
of a ligand blocking interaction. While all PD-1 antibodies tested were able to effectively

internalize, the downregulation of the PD-1 receptor itself was reliant on CD64 expressing
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monocytes, leading to implications for the prediction of efficacy in anti-PD-1 therapy. Thus,
our findings emphasize the necessity of understanding the interactions of PD-1 mAb therapy
within a complete immunological setting and further investigations are needed to fully clarify
the influence of CD64 and other potential FcRs as well as the immune cell subsets that express

them, for PD-1 therapy in clinical settings.
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Tumor suppression of novel anti-PD-1 antibodies
mediated through CD28 costimulatory pathway
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Classical antagonistic antibodies (Abs) targeting PD-1, such as pembrolizumab and nivolumab, act through blockade of the
PD-1-PDL-1 interaction. Here, we have identified novel antagonistic anti-PD-1 Abs not blocking the PD-1-PDL-1 interaction.
The nonblocking Abs recognize epitopes on PD-1 located on the opposing face of the PDL-1 interaction and overlap with a
newly identified evolutionarily conserved patch. These nonblocking Abs act predominantly through the CD28 coreceptor.
Importantly, a combination of blocking and nonblocking Abs synergize in the functional recovery of antigen-specific exhausted
CD8 T cells. Interestingly, nonblocking anti-PD-1 Abs have equivalent antitumor activity compared with blocker Abs in two
mouse tumor models, and combination therapy using both classes of Abs enhanced tumor suppression in the mouse
immunogenic tumor model. The identification of the novel nonblocker anti-PD-1 Abs and their synergy with classical blocker

Abs may be instrumental in potentiating immunotherapy strategies and antitumor activity.

Introduction

The programmed cell death 1 receptor (PD-1) is the master
regulator of T cells through the suppression of T cell activation
following the binding to its primary ligand, programmed death
ligand 1 (PDL-1; Trautmann et al., 2006; Tumeh et al., 2014;
Pauken and Wherry, 2015; Wherry and Kurachi, 2015). The
proposed mechanism by which PD-1 acts as an immune check-
point inhibitor includes recruitment of the SHP-2 phosphatase
into the vicinity of the TCR complex, resulting in dephospho-
rylation of membrane proximal signaling proteins, including
CD3¢, ZAP70, and PLC-y1 (Sheppard et al., 2004; Yokosuka et al.,
2012). The PD-1-SHP-2 complex also acts on the CD28 cos-
timulatory receptor and the associated PI3K and AKT signaling
pathway needed for optimal T cell activation and survival (Parry
et al., 2005; Patsoukis et al., 2012). These dynamics have been
observed in fluorescence microscopy imaging studies where
PD-1 exists in microclusters on the cell surface and is recruited
along with SHP-2 phosphatase into the immunological synapse
to suppress phosphorylation events during TCR activation
(Chemnitz et al., 2004; Sheppard et al., 2004; Yokosuka et al.,
2012; Wherry and Kurachi, 2015). Two recent studies have also
indicated that anti-PD-1-mediated tumor-suppressive activity is
primarily dependent of the CD28 costimulatory receptor (Hui
et al., 2017; Kamphorst et al., 2017).

Monoclonal antibodies (Abs) acting through PD-1 blockade
represent a major breakthrough in oncology, showing signifi-
cant clinical success in the treatment of several types of cancer,
including advanced melanoma, non-small cell lung cancer, and
head and neck squamous cell carcinoma (Baitsch et al., 2011;
Mellman et al., 2011; Topalian et al., 2012; Hamid et al., 2013;
Rizvi et al., 2015; Sharma and Allison, 2015; Callahan et al., 2016).
Despite these successes, only ~30-40% of patients show a re-
sponse to anti-PD-1immunotherapy, and only a fraction of these
show a durable clinical response. These limitations highlight the
need for a better understanding of the mechanism by which
anti-PD-1 Abs act and for the identification of new therapies that
synergize to improve the response rate and/or breadth of can-
cers that can be treated.

The objective of the present study was to identify novel antag-
onist Abs with more potent antitumor activity and/or acting
through a mechanism independent of the PD-1-PDL-1 blockade. A
panel of Ab clones binding with high affinity to diverse epitopes on
PD-1 was generated and profiled for antagonistic activity in recov-
ering antigen (Ag)-specific CD8 T cells from functional exhaustion.
A novel class of anti-PD-1 Ab was identified that was not blocking
the PD-1-PDL-1 interaction with antagonistic activity comparable to
pembrolizumab and nivolumab. Antagonistic activity of the novel
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anti-PD-1 Abs was determined by evaluating their ability to recover
proliferation and/or to potentiate cytokine production of exhausted
Ag-specific CD8 T cells. Biochemical and structural studies dem-
onstrated that these Abs bound to the opposite face of the PD-1
protein relative to the PD-1-PDL-1 interaction site. In mechanistic
studies, nonblocking anti-PD-1 Abs act predominantly through the
CD28 coreceptor that restores signaling through the AKT-NF-«B
pathway and leads to T cell proliferation and survival. Consisted
with nonblocking anti-PD-1 Abs acting through a distinct mecha-
nism of action, combinations of nonblocking and blocking anti-PD-1
Abs synergize to recover the functional activity of exhausted Ag-
specific CD8 T cell in vitro and resulted in significantly enhanced
antitumor activity in the MC38 immunogenic in vivo mouse
tumor model.

Results

Characterization of a diverse panel of anti-PD-1 Abs binding
different epitopes on PD-1

An immunization campaign with human PD-1 was launched in
mice, and over 2,000 hybridoma clones were generated and
screened in a Luminex assay for binding to recombinant human
PD-1. Forty different Ab families with subnanomolar affinity
were selected based on (1) possessing low nanomolar binding
affinity for cell-surface PD-1, (2) competitive binding profile
with a commercially available anti-PD-1 Ab that acted as a
surrogate assay to identify blocking Abs of the PD-1-PDL-1 in-
teraction, and (3) heavy-chain complementarity-determining
region (CDR) variable region. Anti-PD-1 Abs were further
screening to assess both the ability to block the PD-1-PDL-1 in-
teraction in a Luminex biochemical assay and recover Ag-
specific CD8 T cells from functional exhaustion. Therefore, the
simultaneous use of a functional assay allowed also for the se-
lection of anti-PD-1 Abs with antagonistic activity independent
of PD-1-PDL-1 blockade.

The antagonistic, immune-enhancing activity of the novel
anti-PD-1 Abs was evaluated in a highly standardized CFSE
proliferation assay measuring the recovery of Ag-specific pro-
liferation in blood mononuclear cells from chronically infected
viremic HIV patients. HIV-specific CD8 T cells are instrumental
to evaluate the ability of anti-PD-1 Abs to recover T cells from
functional exhaustion because of the expression of high levels of
PD-1 and poor proliferation in response to Ag-specific stimula-
tion (Barber et al., 2006; Day et al., 2006; Trautmann et al.,
2006; Zhang et al., 2007). Stimulation of blood mononuclear
cells with HIV-derived peptides followed by 6 d in culture led to
an increase in CFSE-low CD8 T cells that have undergone pro-
liferation. However, the addition of two classical PDL-1-blocking
anti-PD-1 Abs (e.g., pembrolizumab or nivolumab) led to an
enhanced level of proliferation relative to the peptide alone
control, thus indicating that both anti-PD-1 Abs recover CD8
T cells from exhaustion (Fig. 1, A and B). Validation studies have
shown that proliferating CD8 T cells following pembrolizumab
treatment were HIV specific, as indicated by pentamer MHC-
HIV peptide complex staining. On the basis of the functional
activity in this proliferation assay, 10 novel anti-PD-1 Abs
showed potency similar to a pembrolizumab, which has been
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used as a benchmark control (Fig. 1 B). Anti-PD-1 Ab clones of
interest had antagonistic activity that was also replicated using
blood mononuclear cells from five different HIV-infected donors
having CD8 T cells specific to seven different HIV-derived
peptides (Fig. 1, A and B; and Figs. S1 and S2).

We then investigated whether the newly identified antago-
nistic anti-PD-1 Abs act through PD-1-PDL-1 blockade, as with
pembrolizumab and nivolumab. Initial profiling in an Ab com-
petitive binding assay was consistent with two clones binding to
a different epitope than the PDL-1 blocking Abs. A Luminex
biochemical protein-protein interaction assay was established
to test the novel Abs and directly determine PDL-1 binding to a
preformed Ab-PD-1 complex. The 135C12 and 136B4 immune-
enhancing anti-PD-1 Abs with distinct heavy- and light-chain
CDR regions induced only a minor 1.5- to 3-fold reduced affin-
ity of the PDL-1 protein for PD-1 (Fig. 2 A). In contrast, 137F2,
which bound competitively to PD-1 with a blocking anti-PD-1
Ab, completely prevented binding of PDL-1 to PD-1-coated beads
at all concentrations tested. It is important to underscore that
out of the 156 Ab clones with high affinity for PD-1, only 3.2%
corresponded to nonblocking Abs with antagonistic activity. The
remaining Abs with antagonistic activity (Fig. 1 B) were tested in
a PD-1-PDL-1 protein interaction screening assay, and all
blocked the PD-1-PDL-1 interaction (Fig. 2 B).

The PD-1-PDL-1 blockade and the CFSE assay results clearly
indicate that 135C12 and 136B4 represent novel anti-PD-1 Abs
that may exert antagonistic activity independent of blockade of
the PD-1-PDL-1 interaction. For these reasons, the two novel
nonblocking anti-PD-1 Abs were advanced for more in-depth
profiling along with 137F2 blocking Ab, which displayed an
improved immune-enhancing activity in our in vitro functional
assay relative to pembrolizumab. The CDR sequences for the
135C12 and 137F2 mouse IgGl Abs were also transferred into a
human IgG4 Ab with a panel of constant region clones screened
to identify humanized Abs with subnanomolar affinity for cell-
surface PD-1. These humanized clones were renamed NBO1 for
the nonblocking 135C12 Ab and BO1 for the blocking 137F2 Ab.

Binding epitopes of antagonistic anti-PD-1 Abs that do not
block the PD-1-PDL-1 interaction

Binding epitopes for the three prioritized Abs were then
mapped by monitoring binding to a panel of PD-1 proteins
expressed with amino acid substitutions at solvent accessible
residues of the extracellular domain (Fig. S3 A). Transiently
transfected HeLa cells expressed mutant or wild-type forms of
PD-1 and allowed for comparative Ab binding to cell-surface
PD-1 by flow cytometry (Fig. 2 C). Discrete amino acid sub-
stitutions in PD-1resulted in a loss in binding for selected Abs.
Pembrolizumab and 137F2 Abs both mapped to regions pre-
viously identified as being important for PDL-1 binding to
PD-1 (L4z4r-Molndr et al., 2008; Lin et al., 2008), but binding
of nonblocking antagonistic Abs was unaffected by these
substitutions. 135C12 and 136B4 Ab binding was almost com-
pletely disrupted with either M18 (L41A/V43T/S137A/L138A/
RI39T substitutions) or M32 (D105A substitution) PD-1 con-
structs, respectively, which are situated on the opposite face
to the PD-1 interaction with either PDL-1 or PDL-2. As a
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Figure 1. Anti-PD-1 Abs significantly en-
hance proliferation of Ag-specific exhausted
CD8 T cells. (A) Recovery of proliferation in HIV-
specific CD8 T cells following stimulation with an
HIV-derived peptide. Results from a represen-
tative experiment are shown and expressed as
the percentage of CFSE-low CD8 T cells. 8-10
replicates were performed for each experimental
condition. (B) Cumulative results from multiple
CFSE experiments (n = 2-6) are shown for the
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10 anti-PD-1 Abs identified with antagonistic
properties similar to pembrolizumab. Results
have been generated assessing the proliferation
of CD8 T cells specific to three HIV-derived
peptides (FLGKIWPSYK restricted by A*0201
and RLRPGGKKK or RMRGAHTNDVK restricted
by A*0301) in patients BO8 and B09. For com-

parative purposes across multiple assays and the different anti-PD-1 Abs, the level of proliferation in the pembrolizumab-treated samples was set as a 100%
reference. Pembrolizumab was used as a positive control, while untreated (Neg) or mouse 1gG1 isotype control Ab was used as a negative control in each
experiment. Graphs show the mean + SD. ****, P < 0.0001 for all anti-PD-1 Abs relative to the IgG1 control (unpaired t test with Welch’s correction).

further evaluation of Ab-binding characteristics, competitive
binding studies were performed with a PD-1-expressing Ju-
rkat cell line. Saturating the PD-1 receptor with the 137F2
blocking Ab prevented cell staining with pembrolizumab,
nivolumab, and BO1 (humanized 137F2) but did not prevent
staining with NBOl (humanized 135C12). Conversely, cell-
surface PD-1 saturated with either 135C12 or 136B4 non-
blocking Abs had no impact on the binding of pembrolizumab,
nivolumab, or BO1 Abs to PD-1. Both 135C12 and 136B4 Abs
prevented the binding of NBO1, the humanized version of the
mouse 135C12 Ab (Fig. 2 D), indicating that these Abs bind
overlapping epitopes on PD-1. These studies show that an-
tagonistic blocking and nonblocking Abs of the PD-1-PDL-1
interaction can bind to cell-surface PD-1 simultaneously.

To complete the molecular details of the binding epitope of
the newly generated PDL-1 nonblocker Abs, the structure of the
NBOla (135C12) Fab in complex with hPD-1 was solved at a
resolution of 2.2 A (Table S1). The NBOla Fab binds at the op-
posite side of the PDL-1-binding site (Fig. 2 E) with interacting
residues on PD-1 confirming our mapping studies performed
with the 135C12 Ab. The overall structure of hPD-1 fits previ-
ously published structures (Zak et al., 2015). Superposition of
the Ca atoms of hPD-1 in complex with the NBOla Fab and hPD-1
in complex with hPDL-1 (Protein Data Bank [PDB] accession no.
4ZQK) showed no overlap of the binding footprints for NBOla
and hPDL-], indicating that they can bind PD-1 simultaneously
(Fig. 2 E). One potential clash was noted between the hPDL-1 side
chains E60/D61 and Vi, residues S52/S65 of NBOla; however,
these side chains may adopt different rotamers in solution,
thereby allowing concomitant binding of hPDL-1 and NBOla to
hPD-1. Consequently, the affinity of PDL-1 for hPD-1 in the
presence of 135C12/NBO1 may be slightly reduced, as observed in
the biochemical binding data (Fig. 2 A). It was important to
determine whether the four predicted N-glycosylation sites on
PD-1 were interfering with NBO1 Ab binding. However, the
modeling of these sites shows that glycosylation at N49, N58,
N74, and N116 does not overlap with the bind epitopes of NBO1 or
136B4 Abs and would not interfere with Ab interaction with PD-1
(Fig. 2 F).
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The epitope mapping and structural studies both revealed
that Ab binding to a specific region of PD-1 on the opposing face
of the PDL-1-PDL-2 interaction site resulted in an antagonistic
functional activity (Fig. 1 and Fig. 2, C and E). Interestingly,
sequence alignment across five species revealed that despite a
low 52.3% identity with human PD-1, conserved regions
throughout the sequence come together to form a highly con-
served patch on PD-1 (Fig. S3 B) that is partially overlapping
with the binding epitopes of both 135C12 (NBO1 hlgG4) and
136B4 Abs (P1 patch in Fig. 2 F).

Structural models of hPD-1-NBOla Fab with either pem-
brolizumab (PDB accession no. 5GGS) or nivolumab (PDB ac-
cession no. 5GGR) were also generated and clearly show that
NBOla can bind hPD-1 simultaneously with either PDL-1 block-
ing Ab (Fig. 2 G; Lee et al., 2016). This model is consistent with
our Ab competitive binding studies (Fig. 2 D).

Nonblocking and blocking anti-PD-1 Abs synergize in
recovering Ag-specific CD8 T cells from exhaustion
Given that nonblocking anti-PD-1 Abs can bind simultaneously
to cell-surface PD-1 with blocking Abs such as pembrolizumab,
an important question is whether the simultaneous binding
results in a synergistic potentiation of their antagonistic activity.
This was addressed by testing combinations of blocking and
nonblocking Abs in the in vitro functional recovery exhaustion
assay. Studies presented in Fig. 3 show a significant increase in
the recovery of proliferation of HIV-specific CD8 T cells when
NBOla was used in combination of either pembrolizumab or BO1
with 155% and 158% proliferating cells, respectively, relative to
single Abs. These increases in proliferation were observed with
the 135C12 mouse IgGl variants of NBOI and several different
humanized IgG4 clones (Fig. S2, A-D). It is important to un-
derscore that this enhanced proliferation was beyond levels that
could be achieved by higher Ab concentrations or with combi-
nations of two blocking Abs that did not lead to enhancements in
the recovery of proliferation (Fig. S2, E and F).

To further determine the biological activity of the two
classes of anti-PD-1 Abs, the synergistic effect of the combi-
nation of blocking and nonblocking anti-PD-1 Abs was
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Figure 2. Epitope mapping and structural studies of the prioritized anti-PD-1 Ab clones. (A) Ability of anti-PD-1 Abs to block the PD-1-PDL-1 interaction
in a Luminex biochemical assay. PD-1-coated beads were incubated in the presence or absence of a competitor anti-PD-1 Ab, and then beads were stained
with different concentrations of biotin-labeled PDL-1 protein. Data (n = 2) are mean + SD. MFI, mean fluorescence intensity. (B) Potency of anti-PD-1 Abs in
blocking the PD-1-PDL-1 interaction in a Luminex biochemical assay. PD-1-coated beads were incubated with a fixed concentration of PDL-1 equivalent to the
half-maximal inhibitory concentration value for the PD-1-PDL-1 interaction in this assay. The PD-1-PDL-1 complex, bound at 50% in equilibrium, was then
treated with increasing concentrations of anti-PD-1 Ab to determine if they were capable of completely disrupting the PD-1-PDL-1 interaction with pem-
brolizumab used as a positive blocking Ab control. (C) Epitope mapping by site directed mutagenesis of PD-1. Defined epitopes were identified for anti-PD-1
Abs that were either blocking or nonblocking of the PD-1-PDL-1 interaction using Hela cells transfected with expression vectors encoding PD-1 with
substitutions at solvent accessible residues. Amino acid substitutions in PD-1 are indicated in blue lettering above each histogram. Representative data are
shown for n = 3 experiments. (D) Ab competitive binding studies for cell-surface PD-1. Jurkat PD-1 cells were incubated with excess of 137F2, 135C12, or 136B4
mouse Abs and then stained with a minimal concentration of the indicated humanized anti-PD-1 Abs (n = 3). (E) hPD-1and NBO1a Fab (humanized version of
the mouse 135C12 Ab) complexes were purified by size-exclusion chromatography and crystallized. Crystals diffracted to 2.2 A resolution, and the structure
was solved by molecular replacement. The structure reveals that the binding site of NBO1a is adjacent to residues in purple involved in the PD-1 interaction
with either PDL-1 or PDL-2. The CC’ loop (residues 70-74) of hPDL-1is disordered and indicated as a dashed line. Loops connecting B strands BC (57-63),
C'D (84-92), and FG (127-133) were also disordered. Strands are named following the canonical designation. Ca superpositioning of the hPD-1 present in the
NBO1la Fab and hPDL-1 (PDB accession no. 4ZQK) complexes show that NBOla Fab and PDL-1 bind distinct nonoverlapping sites on PD-1. (F) Mapping of
variable residues between human PD-1 and monkey, dog, horse, mouse, and rat PD-1 revealed an evolutionarily conserved patch (P1) on the opposite face of
PD-1 from the PDL-1 or PDL-2 interaction site (yellow, orange, and light green colored residues). The P1 patch overlaps with the binding epitopes for the
135C12/NBO1 (orange residues) and 136B4 (light green residues) antagonistic Abs that are nonblocking of PD-1-PDL-1. Residues N49, N58, N74, and N116
that are predicted N-linked glycosylation sites are show in brown on the PD-1 model to be excluded from the P1 patch, 135C12/NBO1, and 136B4 Ab binding
epitopes. (G) Ca superpositioning of hPDL-1 coordinates of the NBOla complex with pembrolizumab (PDB accession no. 5GGS) and the nivolumab (PDB
accession no. 5GGR) confirms that NBOla Fab binding to PD-1 does not interfere with the binding of either pembrolizumab or nivolumab anti-PD-1 Abs. hPDL-1
is shown as a ribbon diagram in E and F, with the hPDL-1 binding surface (PDB accession no. 4ZQK) colored in purple in G.

assessed on the production of cytokines. For these purposes, relative to antigenic peptide alone treatments (Fig. 3 B). Ad-
blood mononuclear cells from eight chronically infected vi- ditionally, results across the different donors showed that Ab
remic HIV individuals were stimulated with the specific an- combination treatment lead to IFNy production with signifi-
tigenic peptides. Cells treated with anti-PD-1 Ab combinations cantly higher levels than either blocking or nonblocking
released significantly higher levels of IFNy, TNFa, and IL-10  anti-PD-1 monotherapy treatments alone.
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Figure 3. Blocking and nonblocking anti-PD-1 Ab combinations syner-
gize in recovering both the proliferation and functional activity of ex-
hausted Ag-specific CD8 T cells. (A) Cumulative results (three to six
experiments) of the recovery of the proliferation of HIV-specific CD8 T cells
after treatment with single and/or the combination of blocking and/or non-
blocking anti-PD-1 Abs. Results are expressed as the percentage of CFSE-low
CD8 T cells, and 8-10 replicates were performed for each experimental
condition. (B) Recovery of T cell functionality evaluated by measuring cyto-
kine levels of IFNy, IL-2, TNFa, and IL-10 in the cell medium following an Ag-
specific CD8 T cell stimulation. Cumulative results are shown using the PBLs
from six to eight different viremic HIV-positive donors. Untreated samples
(Neg) were used as a negative control in each experiment. Data represent
mean = SD. ¥, P < 0.036; **, P < 0.0079; ***, P < 0.0009; ****, P < 0.0001
(unpaired t test with Welch'’s correction).

Nonblocking anti-PD-1 Abs act predominantly through the
CD28 costimulatory receptor to promote the AKT-NF-kB
pathway

Mechanism-of-action studies with anti-PD-1 Abs were then in-
vestigated using phosphoflow intracellular staining of proteins
important to the T cell signaling cascade. Blood mononuclear
cells from a viremic HIV-positive donor were used for these
signaling studies with 60-63% of memory T cells expressing the
PD-1 exhaustion marker. T cell stimulation with anti-CD3/CD28
Abs induced a temporal increase in protein phosphorylation that
was proximal to (ZAP70, SLP76, and Lck/Src) and downstream
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of (AKT, PDK1, PLCyl, NF-«B, ERK1/2, p38, and CREB) the TCR
complex. T cell signaling was suppressed with human PDL-1 Fc
fusion protein when added before the anti-CD3/CD28 stimula-
tion. Importantly, this protocol using exhausted primary T cells
identified the same canonical pathways reported for PDL-1-PD-1
mediated suppression of T cell activation using immunoblotting
techniques that were performed with cell lines or in vitro
stimulated T cell to augment PD-1 expression (Patsoukis et al.,
2012; Yokosuka et al., 2012). T cell stimulation in the presence of
PDL-1 resulted in statistically significant reduced phosphoryla-
tion of ZAP70 and Lck394/Src 1 min after stimulation and
ERK1/2, AKT, and PDK1 5-15 min after stimulation (Figs. 4 A and S4).

Pretreatment of cells with NBO1b or pembrolizumab partially
restored phosphorylation of PDK1-pS242, AKT-pT308, and AKT-
pS473 when stimulated with anti-CD3/CD28 in the presence of
PDL-1 Fc protein. A trend toward recovery was also observed
with ERK1/2, ZAP70, and LCK394/Src phosphorylation levels;
however, these levels did not reach statistical significance.
Anti-PD-1 Ab-mediated rescue was not evident for AKT at the
earliest time point evaluated, but phosphorylation levels grad-
ually built to a significant increase at 5 and 15 min for both PDK1
and AKT (Fig. 4 A). This increased phosphorylation was more
statistically significant for the nonblocking anti-PD-1 Ab com-
pared with pembrolizumab-treated cells, which also had a trend
toward lower phospho-AKT levels 15 min after stimulation. This
pathway is directly downstream of the CD28 costimulatory re-
ceptor, which was previous reported to be necessary for the
antitumor activity of blocking anti-PD-1 Abs (Hui et al., 2017).
These results are consistent with a mechanism whereby
anti-PD-1 Ab therapy prevents the PDL-1-mediated recruitment
of a phosphatase to the PDK1-AKT complex. Prolonged phos-
phorylation and activation of the PDK1-AKT complex would lead
to increased T cell survival, trafficking and effector function.

An important aspect of T cell stimulation is the rapid increase
in cytoplasmic levels of calcium (Ca2*) released from intracel-
lular stores and through the opening of the plasma membrane
calcium release-activated channels. This Ca?* release helps to
propagate the T cell activation signal, including NFAT activation
and cytoskeletal rearrangement. Similar to the phospho-flow
experiments, stimulation of exhausted PD-1* T cells in the
presence of a PDL-1 Fc fusion protein led to reduced levels of
intracellular Ca?* relative to an anti-CD3/CD28 Ab stimulation
control (Fig. 4, B and C). Pretreatment of cells with either
blocking (pembrolizumab or nivolumab) or nonblocking NBO1b
anti-PD-1 Abs restored Ca?* mobilization to levels observed in
cells stimulated in the absence of PDL-1 Fc protein. Importantly,
combinations of NBO1b and either pembrolizumab (Fig. 4 B) or
nivolumab (Fig. 4 C) before T cell stimulation in the presence of
PDL-1 resulted in a synergistic increase in Ca?* levels. This Ca%*
mobilization was more intense and gave area under the curve
values more than twofold higher compared with the anti-CD3/
CD28 stimulation condition.

To provide insights on the mechanistic differences in the
effect of blocking and nonblocking anti-PD-1 Abs, the two
classes of Abs were further probed by immunoprecipitation (IP)
of PD-1 expressed on a Jurkat cell line stably expressing high
levels of PD-1. Cells were unstimulated or stimulated with anti-
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Figure 4. Nonblocking anti-PD-1 Abs restore Ca?* flux and AKT signaling to exhausted T cells. (A) Phospho-flow signaling studies performed with
PD-1-expressing functionally exhausted T cells. Intracellular staining of phosphoproteins important to T cell signaling showed increased phosphorylation upon
stimulation with anti-CD3/CD28 Abs. FACS histogram profiles for memory CD4 T cells show that a PDL-1 Fc fusion protein suppressed phosphorylation of AKT
pT308, AKT pS473, and PDK1 pS242. Preincubation of cells with NBO1b nonblocking or pembrolizumab blocking anti-PD-1 Abs significantly relieved PDL-
1-mediated suppression of these phosphosignaling proteins at 5 and 15 min after stimulation. Data are presented as mean = SEM for five to eight individual
experiments. ns, not significant; *, P < 0.05; **, P < 0.0064; **** P < 0.0001. (B) Exhausted T cells had reduced Ca?* mobilization when stimulated with anti-
CD3/CD28 in the presence of PDL-1 Fc fusion protein. (C) This suppression was restored with NBO1b, pembrolizumab, or nivolumab. Synergistic increase in
Ca®* release was observed in exhausted T cells stimulated with anti-CD3/CD28 + PDL-1 when coincubated with NBO1b and either pembrolizumab (B) or
nivolumab (C). Representative data are shown from three independent experiments, and clinical Ab preparation of pembrolizumab was used for these studies.
FDR, false discovery rate; MFI, mean fluorescence intensity.
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CD3/CD28 Abs and then the PD-1 receptor and associated cel-
lular complex was coprecipitated with NBOlb, pembrolizumab
or a combination of NBO1lb and pembrolizumab Abs covalently
coupled to beads. In stimulated cells, pembrolizumab effectively
pulled down a PD-1 complex that included CD28, SHP-2, PI3K,
and phosphorylated Src (Fig. 5 A). In contrast, although NBO1b
pulled down equivalent levels of PD-1 and the PD-1-associated
SHP-2 compared with pembrolizumab, there were significantly
lower levels of CD28 receptor and PI3K in the nonblocking
anti-PD-1 Ab IP complex (Fig. 5, A and B). AKT was weakly
immunoprecipitated with the PD-1 complex, but there was a
trend toward higher levels of AKT pulled down with pem-
brolizumab compared with the NBOlb Ab. IPs performed with
pembrolizumab- and NBOlb-coated beads resulted in reduced
levels of CD28 being coprecipitated with PD-1 relative to the
pembrolizumab-alone IP (Fig. 5 B). In the above experiments,
recruitment of PD-1 in the immunological synapsis after anti-
CD3/CD28 stimulation occurred in the absence of PDL-1 en-
gagement. To explain how the recruitment of PD-1 occurs in the
absence of PDL-1 engagement, in control experiments, IPs were
performed using biotinylated pembrolizumab and NBO1b not
coupled to beads. These experiments showed that uncoupled
Abs did not pull down the CD28 in either the presence or ab-
sence of stimulation (Fig. 5 C). Therefore, these control experi-
ments indicate that aggregation induced by the anti-PD-1 Abs
coupled to beads deliver to PD-1 a signal similar to the engage-
ment of PDL-1 and promote recruitment of PD-1 to the CD28
costimulatory receptor following T cell activation as shown in
Fig. 5 B.

Taken together, these results indicate that PD-1is recruited to
the CD28 costimulatory receptor upon T cell activation and that
this complex is unaffected by the blocking with pembrolizumab
anti-PD-1 Ab. Importantly, nonblocking Abs such as NBO1b in-
hibit the formation of the PD-1 complex that includes CD28. This
would effectively reduce the recruitment of the SHP-2 phos-
phatase to the CD28 costimulatory receptor and its associated
intracellular kinases that includes PI3K, the upstream activator
of AKT (Parry et al., 2005; Patsoukis et al., 2012).

Given that the CD28 costimulatory receptor contributes to
T cell activation through enhanced signaling of the AKT-NF-«B
pathways and TCR stimulation acts strongly through the NFAT
pathway, anti-PD-1 Abs were tested in NF-«B and NFAT re-
porter assays. A Jurkat-PD-1 T cell line stably expressing lucif-
erase under the control of a NFAT promoter was transiently
transfected with the NanoLuc NF-kB reporter plasmid in order
to monitor the activation of both pathways in the same cells.
Experiments using this cell line were designed to evaluate the
potency of blocking anti-PD-1 Abs, and stimulation was achieved
through coculture of Jurkat PD-1 cells with 293T cells coex-
pressing a membrane-associated anti-CD3 TCR activator and the
PDL-1 receptor. Pretreating Jurkat PD-1 cells with the blocking
pembrolizumab anti-PD-1 Ab before stimulation effectively re-
lieved the PD-1-PDL-1-mediated suppression of the NFAT re-
porter by 6.4-fold in this assay relative to an IgG4 control Ab,
while the NBO1b nonblocking anti-PD-1 Ab resulted in low to no
NFAT activation (Fig. 5 D). In contrast, parallel evaluation of the
NF-«B pathway showed that both blocking and nonblocking
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anti-PD-1 Abs significantly relived PD-1-mediated suppression
of the NF-kB promoter following TCR-mediated activation (1.7-
fold and 2.4-fold relative to an IgG4 isotope control, respectively;
Fig. 5 D). Consistent with the functional data (Fig. 3, A and B) and
Ca?* flux studies (Fig. 4, B and C), combination of blocking and
nonblocking anti-PD-1 Abs result in a significant increase in
NFAT activation relative to single anti-PD-1 Ab treatments
given alone.

Taken together, signaling and IP studies show that classical
blocking and antagonistic nonblocking anti-PD-1 Abs act
through distinct mechanisms in relieving T cell exhaustion.
Both Ab classes are shown to act on pathways linked to
PD-1-mediated suppression of T cell activation. However,
blocking Abs have a more pronounced effect on the NFAT
pathway, while nonblocking Abs act predominantly through
the CD28 coreceptor that promotes the AKT-NF-«kB pathway
and leads to T cell proliferation and survival.

In vivo efficacy of nonblocking anti-PD-1 Abs

The antagonistic activity of PDL-1 nonblocking Abs and the
synergistic effect observed in vitro provided the scientific ra-
tionale to determine the ability of nonblocking Abs alone or in
combination with blocking Abs in suppressing tumor growth
in vivo. The in vivo efficacy of the NBOIb antagonistic non-
blocking Ab was then evaluated in the PD-1 HuGEMM in vivo
tumor model (Lute et al., 2005; Huang et al., 2017). HIGEMM
mice were genetically engineered to express a chimeric human/
mouse PD-1 protein with the majority of the ectodomain (resi-
dues 26-146) encoded by the human PD-1 protein. Mice suc-
cessfully engrafted with tumors formed from the PDL-1-high
MC38 colon adenocarcinoma cell line were randomly ascribed to
give the same average tumor volumes for the different arms of
the study with the indicated treatments administered twice
weekly (Fig. 6 A). The nonblocking NBO1b Ab administered at
10 mg/kg effectively suppressed tumor growth similar to pem-
brolizumab (clinical Ab batch) or nivolumab administered at the
same dose in three separate studies (Fig. 6, B-D and F). We then
determined whether the antitumor activity was enhanced by
combining NBOlb and either pembrolizumab or nivolumab.
Mice that were coadministered with NBO1b and pembrolizumab
or nivolumab at a dose of 5 mg/kg of each Ab, for a total dose of
10 mg/kg, had more potent suppression in tumor growth rela-
tive to either Ab dosed alone (Fig. 6, E and F). A global analysis of
three separate studies was performed where mice were treated
with NBO1b, pembrolizumab, and nivolumab monotherapies or
combination therapies consisting of NBOlb with either pem-
brolizumab or nivolumab. This analysis showed that the com-
bination of blocking and nonblocking anti-PD-1 Abs was
associated with a significantly greater suppression of tumor
growth throughout the study. In modeling the cubic root-
transformed tumor volumes as a function of time and Ab ther-
apy using a mixed-effects statistical framework (Fig. 6 F), it can
be seen that Ab combination therapy had a significant reduction
in tumor volume over time compared with the anti-PD-1 mon-
otherapy arms in the studies (P = 0.00045). Importantly, the
proportion of mice with complete control of tumor growth,
having a smaller tumor volume at the end of the study compared
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Figure 5. Nonblocking anti-PD-1 Abs act primarily through the CD28 costimulatory receptor-associated pathway. (A) IPs for two representative
experiments are shown where the PD-1 receptor and associated protein complex were immunoprecipitated with NBO1b, pembrolizumab, or a combination of
NBO1b and pembrolizumab in nonstimulated and anti-CD3/CD28 Ab-stimulated Jurkat PD-1 cells. In stimulated cells, pembrolizumab coprecipitated high levels
of PD-1, CD28, SHP-2, PI3K, and the phosphorylated form of Src (p-Src) with the PD-1 complex. (B) NBO1b pulled down equivalent levels of PD-1, SHP-2, and
p-Src, but significantly reduced levels of CD28 and PI3K were observed in three or four separate experiments. AKT was only weakly pulled down in the PD-1
complex (A; right blot); however, there was a trend toward higher levels of AKT being immunoprecipitated with pembrolizumab compared with NBO1b.
(C) Control IPs performed by preincubating cells with either biotinylated pembrolizumab or NBO1b before T cell stimulation shows that PD-1 pulled down with
streptavidin (S) does not constitutively form a complex with CD28. Similarly, IPs performed with anti-CD3/CD28 coated beads show a strong pull-down of
CD28 without detectable levels of associated PD-1. (D) The nonblocking anti-PD-1 Ab NBO1b showed weak to no activation of the NFAT promoter in a Jurkat
PD-1 luciferase reporter cell line when stimulated with 293T cells coexpressing a TCR activator and the PDL-1 receptor. Pretreatment of Jurkat PD-1 cells with
the blocking anti-PD-1 Ab pembrolizumab strongly promoted NFAT activation. In contrast, both NBO1b and pembrolizumab relieved PD-1-mediated sup-
pression of NF-kB activation. Graphs show the mean + SD and are representative of two independent experiments. *, P < 0.045; ***, P < 0.001; ****, P <
0.0001 (unpaired t test with Welch’s correction). RLU, relative luminescence units.
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Figure 6. Enhancement of tumor clearance by the combination of blocking and nonblocking anti-PD-1 Abs in the PD-1 HuGEMM in vivo MC38 tumor
model. (A) Experimental scheme. (B-E) Mice successfully engrafted with the MC38 tumor cell line were treated twice weekly with PBS control (B), NBO1b (C),
pembrolizumab or nivolumab (D), or a combination of NBO1b with either pembrolizumab or nivolumab (E), with tumor volumes measured in parallel. A
collective analysis of three separate studies with n = 9-10 mice per arm per study is presented in A-D. P values determined by pairwise comparison using a
mixed-effect linear model showed that all Ab arms of the study had reduced tumor growth compared with the vehicle control arm. (F) Suppression of tumor
volume in mice engrafted with PDL-1-high MC38 cell line with either single or the combination of blocking and nonblocking anti-PD-1 Abs. Blocking
(pembrolizumab or nivolumab) and nonblocking (NBO1b) anti-PD-1 Ab monotherapies exerted equivalent suppression of tumor growth and mean percent
tumor inhibition. Modeling of the cubic root transformed tumor volume in three separate studies as a function of time demonstrated a statistically significant
reduction in tumor volume over time for the anti-PD-1 combination therapy relative to anti-PD-1 monotherapies. (G) Combination anti-PD-1 Ab therapy
significantly enhanced the proportion of mice that controlled tumor growth (9 out of 19 mice) relative to Ab monotherapies (13 out of 59 mice). Survival analysis
for a study performed using NBO1b and nivolumab, with statistical differences determined using the log-rank test. Graphs show the mean + SEM, unless

otherwise indicated. *, P = 0.0223; **, P < 0.008; ***, P = 0.0005; ****, P < 0.0001.

with the initial day of anti-PD-1 therapy, was 47% (9 out of 19
mice) in the combination treatment group (NBO1b plus pem-
brolizumab or nivolumab) Abs as compared with 22% (13 out of
59) in the anti-PD-1 Ab monotherapy treatment groups (Fig. 6 G;
P = 0.0354). In a study that was extended to 33 d after MC38
inoculation, mouse survival was significantly improved for the
combination therapy arm relative to vehicle control-treated
mice (Fig. 6 G; P = 0.0005). The significance of this extended
survival was greater for the combination therapy relative to
either NBO1b or nivolumab monotherapies administered alone
(Fig. 6 G, 0.0079 and 0.0223, respectively).

In a second in vivo study, PD-1 HUGEMM mice were subcu-
taneously implanted with the highly aggressive and poorly im-
munogenic wild-type B16F10 cell line (Kuzu et al., 2015; Kokolus
etal., 2017). BI6F10 tumor, which is engrafted subcutaneously, is
characterized by a very fast growth and generation of rapid lung
metastasis. As for the MC38 tumor model, mice were dosed
twice weekly with blocking pembrolizumab, nonblocking NBO1b,
and/or the combination of both blocker/nonblocker Abs (Fig. 7
A). Suppression of tumor growth in the active groups versus
the vehicle control untreated group was similar (Fig. 7, B-E).
Although the suppression of tumor growth was significant
(P < 0.008) in the active groups, the effect was transient and
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associated with rapid escape of the tumor. Furthermore, sig-
nificant prolonged mouse survival was observed in the active
groups as compared with the vehicle control group as deter-
mined using a log-rank statistical test (Fig. 7 F).

Discussion

Here, we report the identification of a novel class of antagonistic
anti-PD-1 Abs acting independently of PDL-1 blockade. These
Abs were rare among hybridoma clone-producing Abs with high
affinity for PD-1 (3.2% of 156 clones), which may partially ex-
plain why this novel anti-PD-1 Ab class has eluded discovery
until now. Given the prevailing theory that PD-1-PDL-1 blockade
is an important element needed for relieving T cell exhaustion,
we performed several different lines of investigation to vali-
date that our novel anti-PD-1 Abs were truly nonblocking of the
PD-1-PDL-1 interaction.

Protein-to-protein (PD-1-PDL-1) interaction studies, to-
gether with competitive binding studies using the Jurkat PD-1
stable cell line, provided evidence that 135C12 or 136B4 non-
blocking Abs interfere neither with the PD-1-PDL-1 interac-
tion nor with the simultaneous binding of blocking Abs to
PD-1 expressed at the cell surface. These results indicate that
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Figure 7. Blocking and nonblocking anti-PD-1 Abs suppress tumor growth and prolong survival of mice implanted with B16F10 cells in the PD-1
HuGEMM in vivo tumor model. (A) Experimental scheme. (B-E) Mice successfully engrafted with the poorly immunogenic B16F10 tumor cell line were
treated twice weekly with PBS control (B), NBO1b (C), pembrolizumab (D), or a combination of NBO1b and pembrolizumab (E), with tumor volumes measured in
parallelin the treatment (n = 10 mice) and control (vehicle; n = 10 mice) groups. P values determined by pairwise comparison using a mixed-effect linear model
showed that blocking (pembrolizumab), nonblocking (NBO1b), and combination anti-PD-1 Ab therapies had reduced tumor volume growth relative to the
vehicle control. (F) Survival analysis with statistical difference determined using the log-rank test. Graphs show the mean + SEM. **, P = 0.008; ****, P <

0.0001.

nonblocking anti-PD-1 Abs do not sterically interfere with PDL-1
binding to PD-1 and do not exert a conformational change to the
PD-1 protein that would significantly reduce its affinity for the
PDL-1 ligand, and they exclude the possibility that either con-
formational or posttranslational differences occur between re-
combinant PD-1 and the cell-surface PD-1 receptor.

Epitope mapping studies performed through PD-1 site-
directed mutagenesis together with the hPD-1-NBOla Fab crys-
tal structure have shown that the novel two nonblocking
anti-PD-1 Abs with antagonistic activity both bind PD-1 on dif-
ferent epitopes located on the opposing face of PD-1 relative to
the PDL-1 interaction site. Importantly, we discovered that this
novel functional active region of PD-1 recognized by non-
blocking Abs overlaps with a patch of PD-1 residues that are
highly conserved across six different species. Evolutionary
conservation of this region suggests that PD-1 is under a selec-
tive pressure to preserve this site, which could be explained by
the site being functionally implicated in PD-1 signaling or po-
tentially through interaction with an alternate ligand from
PDL-1-PDL-2. The fact that 135C12/NBO1 and 136B4 Abs both
overlap with an edge of this conserved site on PD-1 indicates
that steric blocking of an alternate ligand and/or a complex
formed with CD28 may represent the most likely hypothesis.

Consistent with blocking and nonblocking Abs both exerting
distinct immune-enhancing functional activity through PD-1,
combination therapy using the two classes of anti-PD-1 resulted
in synergistic functional recovery of Ag-specific CD8 T cells
from exhaustion.

Fenwick et al.
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Mechanism-of-action studies demonstrated that blocking
and nonblocking anti-PD-1 Abs relieve PD-1 mediated T cell
exhaustion through distinct effects on the TCR and CD28 re-
lated signaling cascades. We have provided evidence that the
blocking Abs have a more pronounced effect on the NFAT
pathway, while nonblocking Abs act predominantly through
the CD28 coreceptor that promotes the AKT-NF-«xB pathway.
Previous studies (Patsoukis et al., 2012, 2013; Yokosuka et al.,
2012; Hui et al,, 2017) have indicated that PD-1 exerts its
suppressive effects on T cell activation through PDL-1-
mediated recruitment of PD-1 into the immunological syn-
apse. This recruitment brings the PD-1-associated SHP-
2 phosphatase into contact with the TCR-associated kinases,
including ZAP70, Lck/Src, and ERK1/2, thus resulting in de-
phosphorylation of these kinases and dampening the intensity
and duration of the T cell-specific activation. Blocking
anti-PD-1 and anti-PDL-1 Abs relieve T cell exhaustion by
preventing this recruitment of PD-1 into the TCR complex
(Chemnitz et al., 2004; Sheppard et al., 2004; Yokosuka et al.,
2012; Wherry and Kurachi, 2015; Hui et al., 2017; Kamphorst
et al., 2017). Interestingly, our IP studies performed with the
blocking anti-PD-1 Ab pembrolizumab showed that a complex
formed between PD-1 and CD28 upon T cell activation. This
indicates that elevated levels of PD-1 on a T cell may suppress
TCR activation by a second mechanism, whereby PD-1 forms a
cis complex with the CD28 costimulatory receptor. This co-
localization would bring CD28-associated intracellular
kinases essential for T cell costimulation into contact with
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PD-1-associated SHP-2 phosphatase, resulting in a reduced
costimulatory effect. In contrast, IPs performed with the non-
blocking anti-PD-1 NBO1b show significantly lower levels of a
PD-1-CD28 complex after T cell activation. Taken together, our
results support the model that in binding PD-1 on the opposing
face of the PDL-1 interaction site, NBO1b disrupts the inhibitory
close-contact complex that forms between PD-1 and CD28 on
activated T cells. The importance of this PD-1-CD28 interaction
may explain the evolutionary conservation of the residues on
PD-1 overlapping with the binding site of the nonblocking Abs.
Our results are also consistent with Hui et al., who recently
demonstrated that CD28 is the primary substrate for dephos-
phorylation through PD-1/SHP-2, leading to T cell suppression
(Hui et al., 2017).

The distinct mechanism of nonblocking anti-PD-1 Abs may
also help rationalize our in vitro functional data, where there isa
trend toward lower cytokine production with NBOlb compared
with pembrolizumab. Since nonblocking Abs have a more lim-
ited effect on restoring PD-1-mediated suppression of the
NFAT-Ca2?* flux pathways, one would predict a reduced en-
hancement in cytokine production. Conversely, the more pro-
nounced effect of nonblocking anti-PD-1 Abs on the AKT-NF-xB
pathway is consistent with the enhanced proliferation observed
when used in combination with blocking anti-PD-1 Abs.

The finding that blocker and nonblocker Abs act through
distinct mechanisms explains the synergistic effect observed
both in vitro and in vivo studies in combining the two classes of
Abs. We have provided three lines of evidence in in vitro studies
on the synergistic effect using a combination of blocking and
nonblocking anti-PD-1 Abs: (1) increased Ag-specific CD8 T cell
proliferation, (2) increased cytokine production in response to
Ag-specific stimulation, and (3) enhanced intracellular Ca>*
mobilization following anti-CD3/CD28 stimulation in the pres-
ence of PDL-1 suppression.

The immunotherapy with anti-PD-1 Abs is a major break-
through in the fight against cancer, and anti-PD-1 therapy using
pembrolizumab or nivolumab achieves a 20-50% objective re-
sponse rate depending upon the type of cancer and the selection of
criteria used for determining the percentage of PDL-1-expressing
tumor cells (Carbognin et al., 2015; Gandini et al., 2016). Many
patients have only a partial response to treatment, and a variable
proportion of patients (depending on the type of cancer) experi-
ence recurrence of the tumor. Therefore, it has become clear that
the potentiation of the antitumor activity of blocker anti-PD-1 Abs
and the development of combinations of immunotherapy strate-
gies are urgently needed. In addition to combination of anti-PD-1
Abs with anti-CTLA-4 (Larkin et al., 2015), combination therapies
with Abs targeting other immune checkpoint inhibitors have
entered clinical development.

In the present study, we have shown in two in vivo mouse
tumor models that the novel nonblocking anti-PD-1 Abs have an
antitumor activity equal to the conventional blocking Abs such
as pembrolizumab. We have validated the results using the
immunogenic colon carcinoma MC38 cell line and the highly
aggressive and poorly immunogenic melanoma B16F10 cell line.
Of note, in the MC38 studies, combination therapy using both
classes of anti-PD-1 Abs significantly suppressed tumor growth
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(74%) and was associated with a 2.4-fold increase in mice with
complete tumor control and a trend toward improved survival
relative to anti-PD-1 monotherapies.

The antitumor activity in the B16F10 model observed with
anti-PD-1 monotherapy using either blocking or nonblocking
Abs was inferior and transient as compared with MC38 model.
The limited antitumor effect observed in our study is consistent
with previous studies (Chen et al., 2015; Woods et al., 2015;
Zamarin et al., 2018) in the B16F10 tumor model using anti-PD-1
treatment. Along the same line, combination of blocking and
nonblocking Abs did not provide an additional therapeutic ad-
vantage in the poorly immunogenic B16F10 model. This may be
attributed to the exceptionally rapid growth of the B16F10 cells,
where tumor volume was >1,000 mm? in 70% of mice in the
vehicle control arm by day 7 after initiation of anti-PD-1 ther-
apy. Because of the rapid tumor escape, there is likely not suf-
ficient time to develop a fully competent immune response and
allow for the combined anti-PD-1 treatment to enhance tumor
suppression, since only two doses of the combined treatment
were administered by day 7. It should be underscored that this
high rate of tumor growth in the B16F10 mouse tumor model is
not representative of tumor development in humans.

In conclusion, we report the identification of a novel class of
antagonistic anti-PD-1 Abs acting independently of PDL-1 block-
ade and acting through the CD28-AKT-NF-«B costimulatory
pathway. These nonblocking anti-PD-1 Abs synergize with the
classical blocker anti-PD-1 and are associated with an im-
provement of antitumor activity. These results provide im-
portant advances in the biology and function of PD-1 and may
open new avenues for enhanced antitumor activity.

Materials and methods

Abs

Novel mouse anti-PD-1 Abs were isolated from the media of hy-
bridoma cell lines and tested for binding to human PD-1 protein in
the Luminex assay described below. For hybridomas that pro-
duced Abs with affinity < 1 nM, RNA was extracted using the
Rneasy micro kit (Qiagen) followed by cDNA synthesis with the
Cellsdirect 1-step QRT-PCR kit (Thermo Fisher Scientific) using
the mouse Ig-Primer set (EMD Biosciences). The heavy-chain CDR
region for each hybridoma was PCR amplified using the mouse Ig-
Primer sets and then sequenced using the Applied Biosystems
3500 Genetic Analyzer sequencer (Thermo Fisher Scientific) with
sequences described in a patent application (Pantaleo and
Fenwick, 2016). Prioritized clones were expressed from 200 ml
of hybridoma cells with the monoclonal Abs purified from the
cell medium using a protein A column (Thermo Fisher Scientific)
with Abs eluted with a 100 mM glycine buffer pH 3.0 intoa1 M
Tris-HCl eluate at pH8.0. Abs were dialyzed twice against PBS,
concentrated using a JumboSep centrifuge filter with a 3-kD
molecular weight cutoff (Pall Laboratories) and sterile filtered
with a Millex GP 0.22 pm filter (Millipore). Prior to anti-PD-1
Ab evaluation in the in vitro functional recovery assay, Abs
were tested with the Food and Drug Administration-licensed
Endosafe-PTS kit (Charles River Laboratory), and all had low
endotoxin levels at <5 EU per mg of protein.
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Humanized Abs of the 135C12 and 137F2 mouse clones were
produced by GenScript with the Deluxe Antibody Humanization
Service and using a framework assembly method. Briefly,
frameworks of different human germlines with high sequence
identities for each of the mouse anti-PD-1 Abs were selected and
assembled using overlapping PCR. The resulting libraries of
humanized Fabs with different framework sequences and en-
coding the mouse Ab CDR sequences for either 135C12 or 137F2
were then used to generate a phage display library encoding
panels of humanized Fabs. Panning the library against the hu-
man PD-1 Fc fusion protein (R&D Systems) allowed for the en-
richment of binding constructs and individual clones were
screened for affinity using a phage ELISA assay. The FASEBA
screen (fast screening for expression, biophysical properties,
and affinity) was employed to identify Fab fragments that ex-
pressed well and had good biophysical properties, with candi-
date clones ranked based on their dissociation rate after binding
to the PD-1 Fc fusion protein in a Biacore T200 assay (GE
Healthcare). Candidate sequences with low-binding off rates
were transferred into a proprietary vector at GenScript to pro-
duce the humanized anti-PD-1 Abs with an IgG4 Fc region that
encoded a serine 228 to proline substitution in the hinge region
to help prevent in vivo Fab arm exchange. High-affinity hu-
manized clones NBOla, NBOlb, and NBOlc were identified for
the 135C12 Ab and BO1 for the 137F2 Ab. Pembrolizumab and
nivolumab used in the in vitro functional studies were produced
by GenScript using codon-optimized genes to express IgG4 Abs.
A clinical lot of pembrolizumab was used in the in vivo mouse
studies and was obtained through the Hospitalier Universitaire
Vaudois.

The following Abs were used in flow cytometry and Luminex
binding studies: allophycocyanin (APC)-H7-conjugated anti-
CD3 (clone SK7), Pacific blue-, FITC-, or PE-CF594-conjugated
anti-CD4 (clone RPA-T4), anti-CD8 Pacific blue (clone RPA-TS)
Abs (Becton Dickinson); PE-labeled goat anti-mouse IgG sec-
ondary, PE-labeled F(ab’)2-goat anti-mouse IgG secondary Ab,
and mouse IgGl isotype control (P3.6.2.8.1; eBioscience); PE-
labeled goat anti-human IgG secondary Ab (Invitrogen); hu-
man [gG4 Isotype control Ab (ET904; Eureka Therapeutics);
anti-PD-1 Ab (clone EH12.2H7) and PE-labeled streptavidin
(BioLegend) and energy-coupled dye (phycoerythrin-Texas red
conjugate)-conjugated anti-CD45RA (clone 2H4; Beckman
Coulter).

Phospho-flow and Ca?* signaling studies were performed
with the following Abs: CD3 Alexa Fluor 700 (UCHTL; BD), CD4
Qdot 605 (S3.5; Thermo Fisher Scientific), CD8 APC-eFluor780
(RPA-TS; eBioscience), CD8 PerCP-Cy5.5 (SK1; BD), and CD45RA
Brilliant violet 650 (HI100; BioLegend) was used for surface
T cell characterization. For PD-1 staining of humanized mAbs,
goat anti-human PE secondary (Thermo Fisher Scientific)
was used. For intracellular phosphoprotein staining, ZAP70
pY319 PE-Cy7 (17A/P-ZAP70; BD), Erkl/2 pT202/pY204 PE-
CF594 (204; BD), SLP76 pY128 Alexa Fluor 488 (]141-668.36.58;
BD), p38 pT180/pY182 PE-CF594 (36/p38; BD), PLCy1 pY783 (27/
PLC; BD), AKT pS473 Brilliant violet 421(M89-61; BD), AKT
pT308 PE (J1-223.371, BD), PDK1 pS241 Alexa Fluor 647 (J66-
653.44.17; BD), NF-«B p65 pS529 Alexa Fluor 488 (K10-895.12.50;
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BD), CREB pS133 PE (J151-21; BD), Src pY418 Alexa Fluor 488
(K98-37; BD), Lck505 pY505 Alexa Fluor 647 (4/LCK-Y505; BD),
and S6 pS235/236 PE-Cy7 (D57.2.2E; Cell Signaling Technology)
were used. For stimulation conditions, anti-CD3 (OKT3; BD),
anti-CD28 (CD28.2; BD), and goat anti-mouse secondary Ab
(Jackson ImmunoResearch) was used. Recombinant Fc chimeric
PDL-1 protein (R&D Systems) was resuspended in PBS and used
for suppression experiments. Fluo-4 AM (Thermo Fisher Sci-
entific) was used for calcium flux experiments.

Immunoblot studies were performed with the Abs against
PD-1 (D4W23), CD28 (D2Z4E), PI3K (19H8), and pSRC (D49G4)
from Cell Signaling Technology and against SHP-2 (79) and AKT
(M89-61) from BD Biosciences. Detection of primary Abs used
the anti-mouse IgG or the anti-rabbit IgG HRP-linked Abs (cat-
alog numbers 58802 and 7074, respectively; Cell Signaling
Technology).

Cell culture

Peripheral blood mononuclear cells were cultured in Roswell
Park Memorial Institute (RPMI) medium and HeLa cells in
DMEM (GIBCO BRL Life Technologies), each containing 10%
heat-inactivated FBS or 6% human serum as indicated (both
from Institut de Biotechnologies Jacques Boy), 100 IU/ml peni-
cillin, and 100 pg/ml streptomycin (Bio Concept). Incubation of
cells was performed at 37°C with 5% CO,.

HIV-positive donors, ethics statement, and cell isolation

The present study was approved by the Institutional Review
Board of the Centre Hospitalier Universitaire Vaudois, and all
individuals gave written informed consent. Blood mononuclear
cells used in the in vitro functional assay were obtained fol-
lowing leukapheresis performed on eight HIV-positive donors
that were chronically infected based on virological and clinical
profiles (Vajpayee et al., 2005). Blood mononuclear cells were
isolated as previously described (Perreau and Kremer, 2005)
and cryopreserved in liquid nitrogen.

Luminex binding assay
The human PD-1 Fc fusion protein (R&D Systems) was con-
jugated to Bio-Plex magnetic beads (Bio-Rad) according to the
manufacturer’s protocol and used in a primary screen for
anti-PD-1 Ab binding affinity. Ab serial dilutions were incu-
bated with PD-1 Fc-coated beads for 2 h with bound mouse Ab
detected using a PE-labeled anti-mouse IgG secondary in a
Luminex binding assay. In the competitive binding assay
performed with a commercial anti-PD-1 Ab, PD-1 Fc-conjugated
Bio-Plex beads were preincubated with one of the novel
anti-PD-1 Ab clones. A biotinylated clone EH12.2H7 anti-PD-1
Ab was then added to the beads and incubated for 2 h before
staining for the bound commercial Abs with PE-labeled
streptavidin. Competitive Ab binding to PD-1 results in a re-
duction in mean fluorescence intensity relative to biotinylated
EHI2.2H7 Ab binding in the absence of a competitor Ab. Beads
were analyzed on a FLEXMAP 3D or Luminex 100 instrument
(Luminex Corporation).

The PD-1-PDL-1 biochemical protein-protein interaction as-
say was performed by preincubating PD-1 Fc coated Bio-Plex
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beads in the presence of 20 nM of anti-PD-1 Ab (clones 137F2,
135C12, and 136B4) or a mouse IgGl isotype control for 1 h. Du-
plicate samples of biotinylated PD-L1 Fc protein (R&D Systems)
were added in a concentration range from 0.08 to 10 nM to the
preformed Ab-PD-1 complex and incubated for a further 4 h
before removing unbound PDL-1 and staining beads with PE-
labeled streptavidin. In a variation of this assay to identify
blocking Abs, PD-1 Fc-coated Bio-Plex beads were preincubated
for 1 h with up to 20 nM anti-PD-1 Ab followed by a 4-h incu-
bation with 1.25 nM biotinylated PDL-1 protein, a concentration
that gave half-maximal binding to the PD-1-coated beads in the
absence of Ab competitor. Bound PDL-1 was stained with PE-
labeled streptavidin and measured with the Luminex 100
instrument.

Ab epitope mapping studies

The pReceiver-M67 vector encoding the open reading frame the
PDCDI gene (GeneCopoeia) was used to express human PD-1,
and vectors encoding the amino acid substitutions in PD-1 listed
in Fig. S4 were generated using the Q5 Site-Directed Mutagen-
esis Kit (New England Biolabs) according to the manufacturer’s
protocol. These PD-1 expression vectors together with an en-
hanced GFP pcDNA3 construct (Addgene) were used to tran-
siently transfect HeLa cells using the FUGENE 6 transfection
reagent (Promega). Following a 2-d incubation at 37°C, the ad-
herent HeLa cells were detached from the plates with a stream of
PBS and labeled with the Aqua LIVE/DEAD staining kit (Thermo
Fisher Scientific). Ab binding to wild-type or mutant forms of
PD-1 was performed in parallel by incubating the different
transfected cell samples with 2 pg/ml of the indicated mouse
anti-PD-1 Ab followed by a PE-labeled F(ab’)2-goat anti-mouse
IgG secondary Ab. Binding of pembrolizumab to the transiently
transfected HeLa cells expressing the different PD-1 constructs
was detected using PE-labeled goat anti-human IgG secondary
Ab. Flow cytometry analysis of the samples was performed on an
LSRII (Becton Dickinson) with Ab binding for the different wild-
type and mutant PD-1 constructs evaluated for the live, en-
hanced GFP-expressing HeLa cells. Flow cytometry histogram
results presented are representative of two to four independent
experiments.

Ab binding to cell-surface PD-1 and a competitive binding
assay

A Jurkat cell line stably transfected to express high levels of
human PD-1 (BPS Biosciences) was used to evaluate Ab binding
affinity to cell-surface PD-1. These cells were incubated with
different Ab concentrations, washed, stained with a PE-labeled
anti-mouse or anti-human secondary Ab, and analyzed by flow
cytometry. Percent detection of PD-1 positive cells was deter-
mined for each Ab concentration and binding affinities were
determined with the GraphPad Prism7 software using a non-
linear curve-fitting analysis.

Competitive binding between different anti-PD-1 Ab clones
to Jurkat PD-1 cells was performed by adding saturating amounts
(40 pg/ml) mouse IgGl competitor Ab (137F2, 135C12, or 136B4)
with cells incubated for 30 min followed by 1 pg/ml of the
indicated human IgG4 anti-PD-1 Abs. The PE-labeled goat
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anti-human IgG secondary Ab was used to detect the levels of
human anti-PD-1 Abs binding to cell-surface PD-1 in the pres-
ence of competitor. Maximal binding to the Jurkat PD-1 cells
was equivalent for all human anti-PD-1 Abs, and the positive
control in each graph is shown for pembrolizumab staining.

Functional exhaustion CFSE proliferation assay

Cryopreserved blood mononuclear cells from a patient with
chronic HIV infection were thawed and resuspended in RPMI
medium containing 20% FBS, washed with 37°C PBS, and rested
in RPMI medium with 10% FBS overnight. The following
morning, cells were washed twice with 37°C PBS and then in-
cubated with 20 pM CFSE (Invitrogen) at 37°C for 7 min in the
dark. The staining was quenched with the addition of FBS at a
final concentration of 10% and then washed twice with RPMI
medium. An aliquot of CFSE-stained blood mononuclear cells
was set aside for the negative control samples, and the re-
maining peripheral blood mononuclear cells were batch stimu-
lated with the addition of the indicated HIV antigenic peptide
(GPT) to give a final concentration of 1.11 pg/ml. Peptide-
stimulated and nonstimulated cells were then distributed into
48-well plates at 106 cells per well in 900 pl. Replicates of 8-10
wells were prepared for each condition tested. Abs tested were
prepared in a 10x stock in RPMI + 6% human serum, then 100 pl
was added to the appropriate wells to have a final peptide con-
centration of 1 pg/ml and final Ab concentration of 5 ug/ml
unless otherwise indicated. As additional controls, a mouse IgGl
or human IgG4 isotype control Ab at a final concentration of
5 ug/ml was included in most experiments, and one well of cells
was stimulated with staphylococcal enterotoxin B as a positive
control for the induction of cellular proliferation. All samples
within the 48-well plates were then returned to the 37°C, 5% CO,
incubator for 6 d.

On the sixth day, the cells were harvested from wells and
washed with warm PBS, as before. The cells were then labeled
with Aqua viability stain and incubated with an Ab cocktail
containing anti-CD3 APC Cy?7, anti-CD4 PE CF 594, and anti-CD8
Pacific blue. The samples were then analyzed by flow cytometry
on the LSR II SORP four-laser (405, 488, 532, and 633 nm) in-
strument. The five different chronic HIV-infected patients used
for the CFSE proliferation assay studies were B08, B09, Cl0,
M34, and M114.

Assessment of cytokine production

Cryopreserved blood mononuclear cells from eight different
HIV-infected donors (BO8, B09, C10, M34, Mil4, BO2, M24,
and M46) were used in studies monitoring cytokine produc-
tion following Ag-specific stimulations in the presence and
absence of anti-PD-1 Abs. The protocol for HIV antigenic
peptide stimulations is the same as described above for the
proliferation assay with the omission of the CFSE cell staining.
Following a 3-d incubation in culture, cell medium super-
natants were assessed for levels of INF-y, TNF-a, IL-2, and
IL-10 by Luminex assay using a ProcartaPlex custom human
4-plex kit (Thermo Fisher Scientific) according the manu-
facturer’s protocol with measurements performed on the
Luminex 100 instrument.
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Purification of hPD1 and the hPD-1-Fab NBOla complex

The expression of hPD-1 33-150 (UniProt Q15116), cloned into
pET-24d (kindly provided by Krzysztof M. Zak and Tad A.
Holak; Faculty of Biochemistry, Biophysics, and Biotechnol-
ogy, Jagiellonian University, Krakow, Poland), was induced
with 1 mM isopropyl B-D-1-thiogalactopyranoside for 5 h at
37°C in Escherichia coli BL21 (DE3) cells, and the protein pu-
rification protocol was adapted from Zak et al. (2015). Briefly,
induced cells were lysed by sonication with recovery of the
inclusion bodies by centrifugation at 20,000 rpm. The in-
clusion bodies were resuspended in 50 mM Tris, pH 8.0, 6 M
guanidine hydrochloride, 200 mM NaCl, and 20 mM
B-mercaptoethanol before drop-wise dilution into ice-cold
refolding buffer containing 0.1 M Tris-HCl, pH 8.0, 0.4 M
L-arginine, 2 mM EDTA, 2 mM reduced glutathione, and
0.2 mM oxidized glutathione. Overnight refolding at 4°C was
followed by dialysis and sample loading onto HiTrap Q HP and
HiTrap SP FF columns (GE Healthcare). The flow through was
concentrated and run in a Superdex 200 10/300 size-
exclusion chromatography (GE Healthcare) column.

(Fab), and Fab species were generated by digestion of the
NBOla IgG4 with the FabRICATOR protease at 4°C overnight
according to the manufacturer’s protocol with the Fc domain
removed using a Protein A affinity column (Thermo Fisher
Scientific). (Fab), were reduced to Fab with the addition of 2 mM
dithiothreitol. Complexes were assembled by mixing hPD-1with
the Fab or reduced (Fab), NBOla species in a 1.5:1 molar ratio.
After 45 min of incubation at room temperature, the complexes
were loaded onto a size-exclusion chromatography Superdex
200 10/300 column equilibrated with 10 mM Tris HCl, 70 mM
NaCl, and 2 mM dithiothreitol. Fractions in which the complex
eluted were concentrated down to 4.3 mg/ml.

Data collection, processing, and refinement of the x-ray
structure

X-ray data were collected at the European Synchrotron Radiation
Facility (ESRF), Grenoble, France, at the ID29 beamline (Table S1).
Data were collected at a wavelength of 0.97625 A with a crystal to
detector distance of 398.81 mm and a 0.15° rotation of the crystal
to complete a total rotation of 150°. The data were processed with
XDS (Kabsch, 2010) using the resolution range 65.49-2.2 A. The
structure of the complex was solved by molecular replacement in
Phaser MR (McCoy et al., 2007; Read and McCoy, 2011; Z-score
14.9) using hPD-1 in complex with hPD-L1 (PDB accession no.
4ZQK) and a model built in Phenix using coordinates from Fab
BL3-6 (PDB accession no. 4Q9Q; Huang et al., 2014), which ex-
hibits high sequence homology with Fab NBOla (90% and 73%
with the heavy and light chains, respectively) as search models.
The model of the complex was refined in Phenix (Adams et al,,
2010) and Refmac5 (Murshudov et al., 2011) and adjusted man-
ually in Coot (Emsley and Cowtan, 2004) to values of Rector =
0.2120 and Rgee= 0.2760. The software Contact, part of the CCP4
suite like Phaser MR and REFMAC5 (Winn et al., 2011) and
PDBePISA (Krissinel and Henrick, 2007), were used to identify
contacts in the binding interface. Structure representations were
prepared using CCP4mg (McNicholas et al., 2011). The data for
this study are available under PDB accession no. 6HIG.
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Modeling of the hPD-1-136B4Fv interaction

The model of 136B4 was built using Phenix software and the
aligned sequences of 136B4 and the Fv from PDB file 1DZB (A
et al., 2000), which shares 63% identity with 136B4. In addition
to the high sequence identity, this PDB file was selected because
it comprises an Fv, which is expected to adopt a similar fold to
136B4. Subsequently, models for the light and heavy chains were
searched on the PDB to model the CDRs. The heavy and light
chains from PDB files IMVU and 4M61 (Stanfield and Eilat, 2014)
share 79% and 96% of identity with those from 136B4, respec-
tively, and the length of the CDR is comparable. The CDR seg-
ments were built into the model provided by Phenix software
using Coot.

Phosphoprotein signaling by flow cytometry

Blood mononuclear cells from a viremic HIV-positive donor
were incubated with 20 pg/ml of pembrolizumab, NBO1b, or
IgG4 isotype control for 30 min at 37°C. PDL-1 Fc fusion protein
was then added to the indicated test conditions at 20 pg/ml for
an additional 30 min. For all conditions except the IgG4 control,
anti-CD3/CD28 Ab stimulation was performed at 5 pg/ml of each
Ab and cross-linked with an anti-mouse secondary Ab at
50 pg/ml to initiate T cell activation. Cells were incubated at
37°C for various time points (1, 5, and 15 min) and fixed imme-
diately with 2% formaldehyde in PBS at 37°C for 10 min to stop
the reaction. Blood mononuclear cells were washed and stained
for CD3, CD4, CD8, and CD45RA T cell surface markers at room
temperature for 20 min. Following cell permeabilization in
chilled 70% methanol for 30 min, intracellular staining with
various phosphoproteins was performed. The stained cells were
washed and fixed once more in 2% formaldehyde in PBS before
FACS acquisition. The percentage of positive phosphoproteins
was determined at the different time points following stimula-
tion by applying a global positive gate using the time O sample
for each experiment as reference.

Calcium flux

Blood mononuclear cells were washed in PBS and incubated
with 1 uM of Fluo-4 AM for 15 min at room temperature. Cells
were then washed again and incubated with an anti-CD4/CD8
Ab cocktail for T cell markers. Blood mononuclear cells were
washed once more and resuspended in RPMI medium. NBO1b,
pembrolizumab, and/or nivolumab anti-PD-1 Abs were incu-
bated at 10 pg/ml for 30 min at 37°C and PD-L1 protein was
incubated at 5 ug/ml for an additional 30 min before the samples
were stimulated with the same anti-CD3/CD28 Ab protocol de-
scribed above and directly analyzed by FACS acquisition. Cal-
cium flux from TCR stimulation was measured in real time for
10 min before ending the reaction with the addition of 2 mM
EDTA, which was acquired for a further 1 min.

Immunoprecipitation of the cellular PD-1 protein complex

Immunoprecipitation studies used Dynabeads M-450 Epoxy
beads (Thermo Fisher Scientific) covalently coupled with ei-
ther anti-PD-1 or IgG4 control Abs according to the manu-
facturer’s protocol. For each condition, 10 million Jurkat cells
stably expressing PD-1 (BPS Bioscience) were either left
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unstimulated or stimulated with biotinylated anti-CD3 (5 ug/m};
OKT3; eBioscience) and anti-CD28 (5 pg/ml; CD28.2; eBio-
science) then aggregated with the addition of 50 pg/ml of
avidin (Invitrogen). Ab-coated beads were added directly and
cells were incubated at 37°C for 10 min. Cell membranes where
then lysed with ice cold PBS containing 1% Triton X-100, pro-
tease inhibitor cocktail (Complete; Roche) and a phosphatase
inhibitor cocktail followed by a 15-min incubation on ice with
frequent mixing. Magnetic beads were attracted to the side
of each tube with a magnet and washed three times with
cell lysis buffer and then once with lysis buffer without de-
tergent. Immune complexes analyzed by Western blot had
proteins separated on a NuPAGE 10% Bis-Tris gel (Invitrogen)
and then transferred onto nitrocellulose (Bio-Rad). Immuno-
blotting was performed by staining with the primary Ab
overnight at 4°C followed by washing steps and then incuba-
tion with the HRP-conjugated secondary Ab and detection
with the Pierce ECL Western blotting substrate (Thermo
Fisher Scientific) in accordance with the manufacturer’s
protocol. Blots were imaged with the Fusion FX Vilber Lurmat
camera (Witec), and the density of individual bands was eval-
uated using Image] software.

Jurkat PD-1 NFAT and NF-kB reporter assays

The Jurkat PD-1 NFAT reporter assay was performed according
the manufactures protocol with minor modifications (BPS Bio-
science). 2 d before performing the assay, Jurkat PD-1 NFAT cells
were transiently transfected with the NanoLuc reporter vector
with an NF-«B response element (Promega) using the Fugene 6
transfection reagent (Promega). Preparation of the activator
cells involved transient cotransfected of 293T cells with the TCR
activator and PDL-1 expression vectors using the Fugene 6
transfection reagent. The following day, cells were resuspended
and seeded at 60-70% confluence in wells of a 96-well plate and
then incubated for 5 h to allow cell adherence. The NanoLuc
transfected Jurkat PD-1 NFAT reporter cells were added at
100,000 cells per well in the absence of presence of the indicated
Abs. The NFAT and NF-«B activation was measured 18 h later
using the Nano-Glo Dual-luciferase Reporter assay system
(Promega) on the Synergy H1 Hybrid Multi-Mode Microplate
Reader (BioTek Instruments).

Mouse tumor model

The in vivo tumor model studies using PD-1 HuGEMM mice
(background: C57BL/6) were performed at CrownBio (Taicang,
China) in three separate MC38 studies and one BI6F10 tumor
study. Each mouse was inoculated subcutaneously at the right
hind flank with 10® MC38 cells or 10> B16F10 cells. Mice with
successfully engrafted tumors of the desired sized were enrolled
in the studies with 10 mice per arm with mean tumor volumes of
82, 84, and 85 mm?3 for the first, second, and third MC38 tumor
study, respectively. Mice enrolled for the B16F10 study had mean
tumor volumes of 65.1 mm? for the 10 mice per arm of the study.
Mice were administered the indicated Abs at a concentration
of 0.9 to 1.0 mg/ml in PBS or a sterile PBS vehicle control at
twice weekly intervals over the course of the study. All in vivo
therapies used a total dose of 10 mg/kg Ab apart from the
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combination therapy arm of the B16F10 study, where 10 mg/kg
of pembrolizumab and NBOIb were administered. Tumor vol-
umes were measured twice weekly in two dimensions using a
caliper, and the volume was expressed in cubic millimeters us-
ing the formula V = 0.5 a x b?, where a and b are the long and
short diameters of the tumor, respectively. Body weight was also
measured twice weekly. Mice that controlled MC38 tumor
growth had a decrease in tumor volume at the end of the study
relative to the start, just before initiating Ab therapy. The pro-
tocol and any amendments or procedures involving the care and
use of animals in this study were reviewed and approved by the
Institutional Animal Care and Use Committee of CrownBio be-
fore conduct. During the study, the care and use of animals was
conducted in accordance with the regulations of the Association
for Assessment and Accreditation of Laboratory Animal Care.

Statistical analyses

Statistical significance (P values) between two sample con-
ditions in the in vitro functional assay was obtained using two-
tailed unpaired t tests with a Welch correction to account for
samples with nonequivalent standard deviations. In the mouse
study, a mixed-effects linear model, modeling the volume (after
cubic-root transformation) as a function of group, time, and
their interaction, was used to test whether the combination
therapy had lower mean volume over time than any single
therapy. Our model allows for a group-specific slope, taking into
account the correlation within mice across time (due to the re-
peated measurements) and using a mice-specific random effect,
which is common for such studies (Galecki and Burzykowski,
2013). The cubic-root transformation was used to stabilize the
variance and make the data more normally distributed. It is also
a natural transformation for volume measurements as the scale
is easily interpretable. Since the original unit is a volume ex-
pressed in cubic millimeters, the transformed unit is a length
expressed in millimeters. The cube-root transformation is often
used to model volume data (Matthews et al., 1990; Gallegos et al.,
1996; Mandonnet et al., 2003). Using our model, we tested the
null hypothesis that the slope of the combination therapy is
equal to the slope of the anti-PD-1 monotherapies alone versus
the alternative that the slope is smaller using a two-sided test. In
our model, the slope can be interpreted as the rate of increase of
the mean tumor diameter over time.

Online supplemental material

Fig. S1 shows the enhanced proliferation of Ag-specific ex-
hausted CD8 T cells in the presence of a panel of prioritized
anti-PD-1 Abs. Fig. S2 shows four separate experiments
where blocking and nonblocking anti-PD-1 Ab combinations
synergize in recovering the proliferation of exhausted Ag-
specific CD8 T cells. Fig. S3 shows a PD-1 sequence map of
the mutations used for Ab epitope mapping and the se-
quence alignment of PD-1 from different species. Fig. S4
shows the PD-1-PDL-1-mediated suppression in phospho-
signaling following stimulation of exhausted T cells and the
relief of this suppression mediated by anti-PD-1 Abs. Table
S1 shows the x-ray data statistics for the hPD-1-NBO1la Fab
complex.
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Figure S1. Enhancement of proliferation of Ag-specific exhausted CD8 T cells by a panel of prioritized anti-PD-1 Abs. (A) Effects of the prioritized set
of anti-PD-1 Abs on the recovery of the proliferation of HIV-specific CD8 T cells. Blood mononuclear cells from an HIV-positive donor were labeled with CFSE
and stimulated with the specific HIV-derived peptide in the presence or absence of an anti-PD-1Ab for 6 d. (B) Select Abs were further analyzed using different
HIV-derived peptides and in two different patients. Untreated samples (Neg) were used as a negative control in each experiment. Graphs show the mean + SD.
** P < 0.0029; ***, P < 0.0006; **** P < 0.0001 (unpaired t test with Welch’s correction).
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Figure S2. Blocking and nonblocking anti-PD-1 Abs combinations synergize in recovering the proliferation of exhausted Ag-specific CD8 T cells.
(A-D) Enhanced Ag-specific proliferation of CD8 T cells is observed in the in vitro CFSE functional exhaustion assay upon treatment with combinations of a
blocking anti-PD-1 Ab (pembrolizumab or nivolumab) and a nonblocking anti-PD-1 Ab (NBO1b or NBO1c Abs in A, NBO1b Ab in B, 135C15 mouse Ab in C, and a
135C12 mouse sibling Ab in D). The data shown are an average of two independent experiments and show a statistically significant increase in CD8 T cell
proliferation. (E) Effect of different concentrations of anti-PD-1 Abs in the in vitro functional recovery CFSE assay shows maximum enhancement of CD8 T cell
proliferation induced by pembrolizumab at 5 ug/ml, with no significant improvement at higher doses. (F) Lack of evidence of synergy using combinations
comprising two blocking anti-PD-1 Abs (pembrolizumab + BO1) used at 5 pg/ml each. ANOVA performed between the individual Abs and Ab combinations
confirmed a statistical difference with the Ab combination therapy. Untreated samples (Neg) were used as a negative control in each experiment. Graphs show
the mean + SD. ns, not significant; *, P < 0.02; **, P < 0.0086; ***, P < 0.0006; ****, P < 0.0001 (unpaired t test with Welch’s correction).
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Figure S3. PD-1 sequence map of mutations used for Ab epitope mapping and sequence alignment of PD-1 from different species. (A) Site-directed
mutagenesis studies performed with human PD-1 constructs with discrete amino acid substitutions at solvent-accessible residues of the ectodomain that were
designed to map the binding of anti-PD-1 Abs to PD-1 expressed at the surface of transiently transfected HeLa cells. The M32 mutation was generated with
substitutions L41A/V43T/S137A/L138A/R139T after observing a small reduction in binding of the 135C12 Ab to PD-1 expressed from the M26 and M31 vectors.
(B) Amino acid sequence alignment of the ectodomains for human, monkey, dog, horse, mouse, and rat PD-1 proteins. The different species are 96.6%
(monkey), 72.5% (dog), 79.2% (horse), 61.7% (mouse), and 66.4% (rat) identical compared with human PD-1. Residues outlined in red boxes come together at
the surface of PD-1 to form the P1 conserved patch that partially overlaps with the binding epitopes for 135C12/NB01 and 136B4 Abs. These Abs were
demonstrated to bind monkey PD-1, but no specific binding could be detected with cell-surface mouse PD-1, indicating that residues outside the P1 patch are

also important for high-affinity binding.
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Figure S4. PD-1-PDL-1-mediated suppression in phosphosignaling following stimulation of exhausted T cells. Heatmap of mean phosphorylation
levels in CD45RA~ memory T cells treated with (1) IgG4 isotype control Ab, (2) IgG4 control + anti-CD3/CD28 Abs, (3) anti-CD3/CD28 Abs + PDL-1 Fc fusion
protein, (4) anti-CD3/CD28 Abs + PDL-1 Fc fusion protein + NBO1b, and (5) anti-CD3/CD28 Abs + PDL-1 Fc fusion protein + pembrolizumab. Significant
suppression of T cell signaling mediated through PDL-1 was observed for AKT pT308, AKT pS473, PDK1 pS421, and ERK1/2 pT202/pY204 at the 5- to 15-min
time points. ZAP70 pY319 and Src pY418/Lck pY394 showed significant PDL-1-mediated suppression only at the 1-min time point after stimulation. Additional
phosphoproteins at different time points showed trends toward PDL-1 mediated suppression or anti-PD-1-mediated relief of exhaustion. However, these
failed to meet statistical significance in our studies (n = 4-8 experiments for the different phosphoproteins). False discovery rate-corrected Student’s t tests
were used to evaluate the statistical difference between the treatment conditions. ns, not significant; *, P < 0.05 for the indicated comparisons.
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Table S1.  X-ray data statistics for the hPD-1-NBO1a Fab complex

hPD-1-Fab A35774 complex

X-ray source

Beamline 1D29, ESRF (Grenoble,
France)

Detector

Pilatus 6M (Dectris)

Wavelength (A)

0.97625

Space group

P12,2

Cell dimensions (A)

A=645b=63c=683

a,y =90, =106°

Resolution range (A)

65.49-2.20 (2.27-2.20)

Number of unique reflections

26,237 (2,621)

Rerge (%) 6.96 (52.0)
Rmeas (%) 8.54 (64.5)
Average I/o(l) 10.77 (2.16)
Completeness (%) 97.59 (98.28)
Multiplicity 29 (2.7)

CC (1/2) 0.997 (0.711)
Wilson B-factor (truncate; A2) 33.88
Solvent content (%) 40.39

Number of reflections used in
refinement

26,236 (2,621)

Number of reflections used for Reee

1,265 (143)

Rwork (%)

21.48 (28.57)

Rfree (%)

26.97 (37.04)

Rms bond length (A) 0.002
Rms bond angle (°) 0.49
Ramachandran favored (%) 96.86
Ramachandran allowed (%) 2.73
Ramachandran outliers (%) 0.42
Clash score 2.97

CC, Pearson’s correlation coefficient; Rms, root mean square.
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1 | GENERAL INTRODUCTION ON T-CELL
EXHAUSTION

The T-cell activation paradigm proceeds in a highly organized pro-
cess involving three signals consisting of antigen recognition, recep-
tor costimulation, and a termination signal that are required for the
tight regulation of a strong functional and proliferative response.

Signal one in T-cell activation represents the specific recognition
through the T-cell receptor (TCR) of their cognate antigen presented
by professional antigen-presenting cells (APCs) including dendritic
cells, macrophages, and B cells.

Signal two is the costimulatory signal where receptors on the
T cells bind to their counterpart ligands. CD28 is the primary co-
stimulatory receptor for T cells that acts through interaction with
its ligands, CD80 and CD86 expressed on APCs. Costimulation is
essential for T-cell activation since signal one TCR/antigen recog-

nition in the absence of signal two drives the cell toward an anergic

This article is part of a series of reviews covering Tolerance and Exhaustion in Peripheral
T and B cells appearing in Volume 292 of Immunological Reviews.

The T-cell response is central in the adaptive immune-mediated elimination of path-
ogen-infected and/or cancer cells. This activated T-cell response can inflict an over-
whelming degree of damage to the targeted cells, which in most instances leads to the
control and elimination of foreign invaders. However, in conditions of chronic infec-
tion, persistent exposure of T cells to high levels of antigen results in a severe T-cell
dysfunctional state called exhaustion. T-cell exhaustion leads to a suboptimal immune-
mediated control of multiple viral infections including the human immunodeficiency
virus (HIV). In this review, we will discuss the role of T-cell exhaustion in HIV dis-
ease progression, the long-term defect of T-cell function even in aviremic patients on
antiretroviral therapy (ART), the role of exhaustion-specific markers in maintaining a

reservoir of latently infected cells, and exploiting these markers in HIV cure strategies.

chronic viral infection, HIV, immune checkpoint inhibitors, PD-1, T-cell exhaustion

and/or tolerogenic state.! Additional costimulatory receptors
that can enhance T-cell activation include CD27, OX40 (CD134),
ICOS (CD278), CD40L (CD154), CD226 that bind to CD70, OX40L
(CD252), B7-H2 (CD275), CD40, and CD155/CD112, respectively,
on APCs.? The concentration of costimulatory and ligand mole-
cules can vary significantly such that either no positive signal is
sent or a paired interaction provides a strong supporting signal
two to the T cells. Soluble pro-inflammatory cytokines including
IL-12 and type | interferons contribute to a fully activated T-cell
response.

Signal three arises in the days following T-cell activation, the ef-
fector phase of the immune response, and eventually the elimination
of the pathogen. Signal three is responsible for terminating the im-
mune response. Inhibitory receptors, also called immune checkpoint
inhibitors (ICls), exert their influence on T-cell activation at this stage
where under normal conditions, ICls including programmed cell death
receptor 1 (PD-1), cytotoxic T lymphocyte antigen-4 (CTLA-4), LAG3
(lymphocyte activation gene protein), and TIM3 (T-cell immunoglob-
ulin domain and mucin domain-containing protein 3) are transiently

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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upregulated on the surface of effector T cells within hours to days
following T-cell activation. Here, their purpose is to attenuate T-cell
activation and limit immune function at the end stages of an acute in-
fection when a pathogen is controlled. Upon clearance of antigen, the
expression of these ICls on memory T cells declines to normal levels
over time. Termination of the T-cell response is an essential self-limit-
ing mechanisms to help preserve self-tolerance. However, in the case
of chronic infection or cancer when the immune response is incapable
of clearing the foreign antigen and there persistent chronic stimula-
tion, T cells can enter a dysfunctional state called exhaustion.

T-cell exhaustion is a progressive condition with increasing
loss in effector function coinciding with increased expression
levels and assortment of ICls. PD-1 is recognized as the master
inhibitory regulator of T-cell function but with increased degrees
of exhaustion comes elevated levels of additional ICls including
CTLA-4, TIM3, LAG3, T-cell immunoreceptor with Ig and ITIM
domains (TIGIT), 2B4 (CD244), and CD160%* (Figure 1). T-cell
exhaustion mediated through PD-1 relies on interaction with its
cognate ligands, PDL-1 and PD-L2, which regulate the delicate
balance between immune defense and the protection of healthy
tissue. Immune cells, non-immune endothelial, and epithelial cells
constitutively express PDL-1, while PDL-2 expression is limited
to APCs. The expression of PDL-1 is further upregulated after
activation, which modulates the immune responses against self
and foreign antigens.® In a likewise fashion, the interaction of ad-
ditional ICls with their respective ligands exert a further level of

control and suppression of T-cell function.

2 | FUNCTIONAL PROFILE

In exhausted CD8 T cells, the increased expression of ICls leads
to a hierarchical loss of function that begins with reduced IL-2 se-

cretion, cytokine polyfunctionality, and diminished proliferative

potential. Functional defects progress to the loss in cytotoxic ca-
pacity and TNF-a secretion with highly exhausted cells having re-
duced ability to produce IFN-y."l"8 Although T-cell exhaustion was
first identified in CD8 T cells, it is now accepted that CD4 T cells
are also subject to exhaustion leading to reduced production of
IL-2, IFN-y, and TNF-o’?! along with reduced CD4 T-cell help.*?
In addition to persistent antigen and pathogen burden, the loss
or reduction of CD4 T-cell help is an important factor that con-
tributes to the initial establishment of exhaustion.'**> The precise
nature of optimal CD4 T-cell help needed to antagonize exhaus-
tion is unclear, but is likely to involve the production of IL-2 and
IL-21 cytokines that support CD8 T-cell response both directly and
indirectly through activation of APCs.%¢

Aside from a blunted immune response against infected or can-
cerous cells, exhausted T cells have a poor or varied response to
homeostatic cytokines including IL-7 and IL-15 responsible for the
maintenance of memory T cells. In the case of complete clearance of
a viral pathogen or in adoptive transfer studies to antigen-free mice,
exhausted T cells are poorly maintained through self-renewal.”"*?
Instead, persistence of exhausted T cells occurs through continual
antigen signals that promotes proliferation.?® Exhausted T cells can
persist in vivo for years but in the final stages of exhaustion with
high antigen stimulation, there is a loss of the virus or tumor-spe-
cific cells through apoptosis.7'21 Further characteristics of T-cell ex-
haustion include altered transcription factor expression, metabolic
profile and epigenetic modifications that are distinct from other

memory T-cell subsets.

3 | TRANSCRIPTIONAL PROFILE

The transcriptional profile of exhausted CD4 and CD8 T cells are
significantly different from all memory T-cell subsets. Although

several transcriptional factors are correlated with exhausted T
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FIGURE 1 T-cellimmune checkpoint inhibitors and related ligands. TCR interaction with the antigenic peptide-MHC complex displayed
by professional APCs delivers the primary signal for T-cell activation. The CD28 co-receptor and other costimulatory receptors enhance the
T-cell stimulatory signal following interaction with their corresponding ligands. Immune checkpoint inhibitors including PD-1, CTLA-4, LAG3,
TIGIT, TIM3, CD160, and 2B4 act to suppress T-cell signal following interaction with their related ligands expressed on APCs
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cells including NFAT, Batf, IRF-4, T-bet, Eomes, and Blimp-1, no
master regulator of exhaustion has been identified. NFAT acti-
vation during chronic infection along with a corresponding low
nuclear translocation of AP-1 induces strong transcriptional ac-
tivation of ICls including PD-1, LAG3, and Tim3.%222% Signaling
through the PD-1 receptor induces the upregulation of the Batf
transcription factor, which in turn inhibits AP-1 activation and
contributes to the sustained high levels of PD-1. Indeed, ex-
hausted CD8 T cells from chronically infected HIV donors have
elevated levels of Batf with higher levels observed in patients
that experience disease progression compared to those that
spontaneously controlled their HIV viral loads.?* In the chronic
lymphocytic choriomeningitis virus (LCMV) mouse infection
model, IRF-4 contributes to T-cell exhaustion in consort with
Batf and NFAT and reduction of IRF-4 expression restores the
functional properties of exhausted antigen-specific T cells.?
T-bet and Eomes transcription factors are individually important
for the development of KLRG-1+ terminal effector CD8 T cells in
response to inflammation and the maintenance of memory cells,
respectively. In contrast, both are essential for the development
of exhaustion as demonstrated in studies involving the genetic
deletion of either?® and both are upregulated in exhausted T cells
with different viral infections.?” Although necessary for exhaus-
tion, high levels of the T-bet directly repress the transcription
of the PD-1 gene. It is therefore interesting that in combined
expression with Eomes, the T-bet"®" Eomesd™ population rep-
resent an intermediate exhausted subset with progenitor capac-
ity and a sustained virus-specific CD8 T-cell response during
chronic infection.?®?? In HIV-infected donors, exhausted T cells

with a skewed balance toward T-bet®™ Eomesh&"

expressional
profile represent a highly functionally exhausted state with el-
evated levels of multiple ICls including PD-1, CD160, and 2B4
on CD8 T cells.?%32 Blimp-1 is a primary transcription factor
for the differentiation of germinal center B cells; however, it is
also upregulated in exhausted T cells and correlates with the
protein expression levels of ICls. Similar to Batf, Blimp-1 is
upregulated in progressor patients with chronic HIV infection
compared to non-progressors that control HIV viral loads.3®
Blimp-1 expression in CD4 T cells mediates the production of
IL-10, which can further contribute to the dysfunctional state
of exhausted T cells during chronic viral infection.®* Exhausted
T cells may coexpression pairs of transcription factors includ-
ing Blimp-1 and Eomes, however, expression is not uniform
where combinations of different factors may coexist. Therefore,
along with the phenotypic and functional profiles, exhausted T
cells consist of a heterogeneous population with varied expres-
sion of transcription factors.'2?23% This diversity of exhausted
T-cell populations is exemplified in a recent study using high
dimensional mass cytometry to analyze cells from chronic
HIV-infected donors and in human tumors. Using phenotypic,
functional, transcription factor, and ICl coexpression patterns,
nine distinct exhausted CD8 T-clustered cell populations were
identified.%¢

EXHAUSTION

The metabolic profile of T cells shifts from the use of the oxidative
phosphorylation pathway in naive cells to glycolysis in the acute
phase of an infection when activated effector cells have increased
bioenergetics needs. Once the infection is cleared, memory cells re-
vert to a quiescent state that uses oxidative phosphorylation and
gains the additional metabolic ability for fatty acid oxidation.>” With
chronic antigen stimulation and the onset of exhaustion, the sup-
pression of the glycolysis pathway ensues with reduced cellular glu-
cose uptake and signs of a dysregulated mitochondrial function.®®
The utilization of endogenous fatty acids by exhausted cells may
dictate the available energy reserves under conditions of ICls en-
gagement.®? Metabolic pathways implicated in this defective state

include transcriptions control through Foxo1*° and PGCla.*!

5 | EPIGENETICS AND EXHAUSTION

Epigenetic modifications associated with T-cell exhaustion begins
within the first 2-3 weeks of chronic LCMV infection. This program-
ming is irreversible, even in adoptively transferred studies with un-
infected antigen-free mice where T cells maintain their exhausted
transcriptional and functional profile.12%742 The epigenetic landscape
of exhaustion has been studied by comparing CD8 T cells during acute
and chronic phases of LCMV infection. Changes consisted in large re-
organizations of chromatin-accessible regions resulting in altered ac-
cess to transcriptional start sites. These modifications were associated
with the induction of multiple genes including Pdcd1 (PD-1), Havcr2
(Tim3), and Batf which are known to be upregulated in exhausted CD8
T cells. The epigenetic modifications in Pdcd1 include histone acetyla-
tion in the promoter and proximal enhancer region followed by full
demethylation in these regions that is maintained in exhausted cells
and allows for consistent high PD-1 expression. These epigenetic
changes are also present in several chronic viral infections including
HIV, CMV, and EBV.*® Indeed, the vast majority of this epigenetic pro-
gram linked to exhaustion in mice (approximately 80%) was also suc-
cessfully mapped to tetramer positive CD8 T cells of treatment naive
chronically infected HIV donors.***¢ As such, epigenetic modifications

play a key role in maintaining T cells in an exhausted state.

6 | T-CELL EXHAUSTION IN HIV
INFECTION (CAUSES OF EXHAUSTION,
PHENOTYPIC MARKERS OF EXHAUSTION,
AND FUNCTIONAL EXHAUSTION)

T-cell exhaustion was first described in mouse models with chronic
LCMV infection where antigen-specific CD8 T cells progressively lost

their effector functions and developed a reduced capacity to kill virally
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infected cells.*’”"*° Subsequent to these studies, it became clear that

the same principles of T-cell exhaustion occurred in human chronic
viral infections including HIV, HCV, HBV, and HTLV-1 as well as cancer.

Chronic HIV infection occurs in most patients in the presence
of persistent high levels of virus replication and is associated with
a loss of immune control of virus replication. Virus-specific CD8 T
cells partially suppress HIV viral replication in the initial stages of
infection. In a similar manner, SIV-infected macaque studies showed
that CD8 T-cell depletion leads to a dramatic increase in viral load.>
However, with persistent high levels of viral antigen, HIV-specific
T cells become exhausted and lose their capacity to kill efficiently
infected cells. In addition to high levels of viral antigen, the strong
pro-inflammatory immune activation during HIV infection and a
compromised T-cell homeostasis during HIV infection contribute to
the development of T-cell exhaustion.’*>3

In HIV-1 infection, PD-1 expression on virus-specific T cells is the
primary marker of exhaustion that correlates with disease progres-
sion. Pivotal studies showed that PD-1 expression correlated with
impairment of CD8 T cells functionality, viral load, and reduced the
CD4 T-cell counts.>*>% Importantly, cytomegalovirus-specific CD8
T cells from the same HIV-infected donors did not upregulate PD-1
and preserved the functional capacity to produced high levels of cyto-
kines. This demonstrated that the T-cell defects were HIV-specific and
driven primarily by the high level of antigen that induced exhaustion.
Longitudinal studies show that following ART initiation, PD-1 expres-
sion levels gradually decrease on HIV-specific CD8 T cells. Long-term
non-progressors (LTNPs) or viremic controllers were also evaluated
and show lower levels of PD-1 expression on HIV-specific T cells that
exhibited a stronger effector functions as compared to progressors>*°>
(Figure 2). Aside from PD-1, other ICls including LAG3, Tim3, TIGIT,
2B4, and CD160 expressed independently or combined lead to more
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FIGURE 2 HIV Infection and progression of exhaustion. During
the acute phase of HIV infection, the majority of individuals
experience a dramatic increase in HIV viral load and increased
levels of the PD-1 receptor on HIV-specific T cells. In contrast, elite
controllers maintain low viral load levels and consequently, T cells
express low levels of PD-1. Untreated patients with high viral load
progress to the chronic phase of HIV infection where persistent
elevated levels of HIV antigen result in T-cell exhaustion with high
expression levels of PD-1. ART in most patients significantly inhibits
viral replication, resulting in decreased plasma viral load to levels
below the limit of detection with standard assays. With low levels
of viral antigen present, PD-1 expression decreases to lower levels
on HIV-specific T cells

pronounced stages of CD8 T-cell exhaustion.>**”"%? Coexpression of
PD-1 with TIGIT was shown to correlate with disease progression in
both HIV-infected patients and SIV infection model.>® PD-1 and LAG3
expression either alone or in combination with CD38 expression also
correlates with the with plasma viral load of patients and was predic-
tive of the time to disease progression.63 Similarly, simultaneous ex-
pression of PD-1, CD160, 2B4, and LAG3 on CD8 T-cell populations
correlated directly with HIV load and inversely with the multiplicity of
functional outputs exhibited by HIV-specific CD8 T cells®* (Figure 3).
The progressive loss of CD8 T-cell function starts with an initial
loss of proliferative capacity, cytotoxic potential, and a restricted IL-2
production. In more pronounced stages of exhaustion associated with
chronic exposure of T cells to viral antigen, T cells eventually lose the

55:566566 H|V-specific CD8 T cells with ele-

ability to produce IFN-y.
vated levels of PD-1 also show greater susceptible to apoptosis that
was attributed to lower levels of the pro-survival Bcl-2 and higher lev-
els of CD95/Fas surface receptor compared to the PD-1 low T cells.®’

The focus of T-cell exhaustion is often on the loss of CD8 T cells
function that is primarily responsible for the killing infected cells.
However, CD4 helper T cells also exhibit functional defects during HIV
infection. Exhausted CD4 T cells exhibit a reduced HIV-specific pro-
liferative capacity and a loss in polyfunctional cytokine response that
centers on reduced IL-2 production.®®®? Exhausted virus-specific CD4
T cells also express PD-1 with elevated levels correlating with disease
progression, viral loads and reduced CD4 T-cell count.”® As such, PD-1
is a common regulator of exhaustion on HIV-specific CD4 and CD8 T
cells. In contrast, the CTLA-4 ICl is more selectively upregulated on ex-
hausted CD4 T cells that correlates with disease progression and T-cell
dysfunction.”* Conversely, the ICls 2B4 and CD160 that are character-
istically upregulated on exhausted CD8 T cells are virtually absent from
exhausted CD4 T cells.”? As with CD8 T cells, expression of multiple
ICls including PD-1, CTLA-4, and TIM3 is associated with a more pro-
nounced state of functional CD4 T-cell exhaustion.”® A characteristic
feature of CD4 and CD8 exhausted T cells is both experience at least
partial restoration of antigen-specific proliferative and functional ac-
tivity following antibody-mediated ICl blockade therapy.

Aside from increased levels of ICls during HIV infection, an acti-
vated T-cell phenotype with upregulated levels of CD38 on CD8 and
CD4 T cells is a well-established predictive marker for disease pro-
gression.”* Additional activation markers upregulated during HIV in-
fection include CD38/HLA-DR coexpression on CD8 T cells and signs
of ongoing replication as determined by Ki-67+ T cells.”® T cells also
exhibit impaired T-cell maturation characterized by reduced expres-
sion of CD28 and high levels of CD27 costimulatory molecules, sug-
gesting a decreased effector phenotype.”® Decreased levels of CD28
on HIV-specific CD8 T cells are associated with shorter telomere
lengths and reduced proliferation.”” HIV-specific CD8 T cells with el-
evated levels of CD27 also have reduced Granzyme A and perforin
cytotoxic activity compared to CD27 low effector T cells.”® Moreover,
HIV-specific memory CD8 T cells were also found to have a pretermi-
nally differentiated phenotype (CD45RA-CCR7-), when compared to
CMV-specific cells that instead expressed a terminally differentiated
(CD45RA + CCR7-) phenotype.”?€0
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FIGURE 3 Phenotype, transcriptional, and functional profile of T cells progressing to exhaustion. Antigen-specific stimulation of resting
T cells leads to a functionally active T-cell response with increased cell surface PD-1, upregulated expression of the T-bet transcription
factor and a strong functional and proliferative response. Chronic stimulation with high levels of antigen drive T cells into an exhausted
state characterized by high levels of PD-1, an increased expression of additional immune checkpoint inhibitors and a pronounced T-cell
dysfunction. Compared to functionally active T cells, highly exhausted T cells have elevated expression of transcription factors including

NFAT, Batf, Eomes, and Blimp-1 with decreased levels of T-bet

Cytokines including IL-10 are also implicated in T-cell exhaustion
during HIV infection. IL-10 production is part of the body's response
to chronic inflammation established primarily through strong upreg-
ulation of the type | and Il IFN-related genes and pathways. Tregs ac-
cumulate at the sites of chronic HIV infection and play a direct role in
the promotion of T-cell exhaustion through production of IL-10 that
inhibits T-cell proliferation.® Aside from Tregs, multiple cell types
contribute to IL-10 production and patients with elevated plasma
levels of IL-10 correlate with rapid disease progression and impaired
CD4 T-cell help. In vitro blockade of IL-10 increases proliferation of
HIV-specific CD4 and CD8 T cells and increases production of cyto-
kines by CD4 T cells.8283

Overall, HIV-specific T-cell exhaustion established in the early
stages of infection represents an almost insurmountable barrier to
the immune mediate control of viral load and the elimination of HIV-
infected cells. Individuals who can spontaneously control HIV infec-
tion are rare, representing <1% of those infected.®* However, a recent
longitudinal study provides evidence that T-cell exhaustion plays an
important role in the loss of viral control by these rare HIV controllers.
These studies showed that just prior to increases in patient viremia,
PD-1 levels increased on HIV-specific CD8 T cells and these cells ex-
hibited reduced in vitro capacity to kill HIV-infected cells.®> As such,
a delicate balance may exist between T-cell-mediated control of viral
infection and the progressive development of T-cell exhaustion.

7 | T-CELL EXHAUSTION IN OTHER VIRAL
INFECTIONS

Pathogens have evolve through natural selection to evade immune-
mediated elimination by exploiting the IC pathways needed by the

host to maintain peripheral tolerance and limits immunopathology

under physiologic conditions. A key advantage in the discovering
T-cell exhaustion using the LCMV mouse infection model was the
different viral laboratory strains and/or different viral inoculum
that induce either an acute infection that could be resolved or a
persistent chronic infection.*”**’ Although CD8 T-cell dysfunction
was known to be an essential feature of exhaustion, the identi-
fication of PD-1 as a key player during chronic infection was re-
vealed much later through gene expression analysis. These studies
showed that in the early stage of infection, PD-1 was upregulated
to similar levels in mice infected with either Armstrong (acute) or
clone 13 (chronic) LCMV viruses. Clearance of Armstrong strain
lead to a rapid downregulation of PD-1 on virus-specific CD8 T
cells. However, in chronic clone 13 strain LCMV infection, virus-
specific CD8 T cells showed sustained increase PD-1 levels that
progressively lost their functionality. In this model, transient de-
pletion of CD4 T cells has no effect on an acute viral strain that
can be resolved within 2 weeks. However, in studies using a
chronic LCMV variants that requires >3 months to be contained
and cleared by the LCMV-specific CD8 T-cell response, even tran-
sient depletion of CD4 T cells at the time of infection resulted in a
complete loss of CD8 T-cell response to control the virus.!* These
studies provide support for the concept that loss of CD4 T-cell
help can enhance conditions that lead to CD8 T-cell exhaustion.
An important concept validated in the LCMV model was that anti-
body-mediated blockade of the PD-1/PDL-1 interaction reversed
signature featured of T-cell exhaustion that allowed for prolifera-
tion and increased functionality of LCMV-specific T cells that lead
to the killing of infected cells and decrease viral load.

Human cases of viral hepatitis have common features with
LCMYV infection where virus is either cleared by the immune sys-
tem or leads to chronic infection in 10% and 70% of HBV- and HCV-
infected patients, respectively. The important role of virus-specific

CD8 T cells was demonstrated in non-human primate models for
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HBV and HCV infection where depletion of CD8 cells lead to a pro-
longed viremia that only declined when CD8 T cells returned.¢%”
The two primary mechanism for chronic hepatitis infection in pa-
tients is viral mutation that leads to escape from antiviral CD8 T cells
and through exhaustion where CD8 T cells lose their effector func-
tion. A strong and early CD4 T-cell helper response in HCV infection
is also associated with viral clearance in patients. In contrast, devel-
opment of HCV-specific CD4 T cells with limited proliferative poten-
tial at an early stage following infection resulted in the evolution of a
chronic infection.® Studies performed with blood mononuclear cells
from chronically infected HBV patients showed that blockade of the
PD-1 pathway resulted in enhanced proliferation and functional-
ity of HBV-specific CD8+ T cells.'®®? Furthermore, a HBV-related
chronic hepadnaviral infection model in woodchucks showed that
PD-1 blockade in combination with an antiviral agent and therapeu-
tic DNA vaccination restored virus-specific CD8+ T cells function-
ality and enhanced a continual immune-mediated viral control.”®
PD-1 blockade alone had a moderate therapeutic result in patients
with chronic HCV infection where 20% of those treated showed a
significant drop in viral load.”* However, this result may be due to
the nature of exhaustion associated with HCV since in vitro studies
showed that hepatic PD-1 + CTLA-4 + virus-specific CD8 + T cells
where only functionally restored with a combination of CTLA-4 and
PD-1 blockade and not with either therapy administered alone.”?
Human T-cell lymphotropic/leukemia virus type 1 (HTLV-1)
causes adult T-cell leukemia/lymphoma and in both asymptomatic
carriers and ATL patients there is an inverse correlation between
HTLV proviral load and the functionality of CD8 T cells in response
to viral antigens. Decreased functionality correlated directly with
PD-1 levels expressed on CD8 T cells and blockade through PDL-1
significantly increased anti-HTLV functionality. Of note, CD8 T-cell
functionality and levels of HTLV-1 provirus did not correlate with ex-
pression levels of TIM3, LAG3, or CTLA-4, indicating that different
chronic viral infections or the extent of exhaustion may favor the

upregulation of different ICI subsets.”>?*

8 | MAJOR SIGNALING PATHWAYS
INVOLVED IN T-CELL EXHAUSTION

T-cell activation takes place in a highly organized process where the
antigenic peptide-MHC complex on APCs binds to its cognate T-cell
TCR complex forming the core of the cell-cell interaction. This pri-
mary contact sets into motion the reorganization of cell surface and
cytosolic molecules leading to the formation of the immunological
synapse. It is during this contact with the APC that ICls exert their
inhibitory effect to suppress signaling events needed for a fully ac-
tivated T-cell response.

Following immunological synapse formation, Lck phosphor-
ylation of TCR-associated CD3 (-chains initiates the intracellu-
lar signaling cascades with ZAP-70 propagating the TCR signal

through phosphorylation of downstream intermediaries including

PLC-y1.7>7¢ T-cell costimulation through CD28 is needed for robust,
functional T-cell response and acts through phosphatidylinositol
3-kinase (PI3K) to activate the PI3K/AKT/mTOR signaling network.
Both the TCR and CD28 costimulatory pathways converge to up-
regulate the activation of AP1, NFAT, and NFxB, which induce the
transcription of T-cell immune response genes such as IL-2, IRF-4,
and pro-survival factors.”” The strength, affinity, and duration of the
initial TCR-peptide-MHC complex as well as the presence of costim-
ulatory receptors dictate the level of response from the different
signaling cascades and degree of their contributions on transcription
factor activation.

ICls exert their regulatory effect on T cells through a variety
of mechanism. Several receptors including PD-1 have intracellular
domains containing immunotyrosine inhibitory motif (ITIM) and/or
immunotyrosine switch motif (ITSM). These ITIM or ITSM motifs can
recruit SHP tyrosine phosphatase proteins and other adapter into
the vicinity of the TCR in order to disrupt positive signaling events.
IClIs that suppress T-cell activation through the ITIM/ITSM mech-
anism includes PD-1, 2B4, LAIR-1, and KLRG-1.”® A second mech-
anism of T-cell regulation through inhibitors receptors is by direct
competition with costimulatory receptors. CTLA-4 is the best stud-
ies example that can bind tightly to the CD80 and CD86 on APCs. In
so doing, CTLA-4 outcompetes CD28 for interaction with its natural
ligands and increases the T-cell activation threshold, especially for
antigens that do not effectively induce T-cell activation.?” ICls in-
cluding LAG3 and TIM3 have varied intracellular domains distinct
from the classical ITIM/ITSM motifs and that recruit a different sub-
set of molecules that are suppressive of T-cell signaling. Finally, neg-
ative regulation can occur via receptors including TIGIT and BTLA
that operate through a combination of different mechanism. TIGIT
not only possess an intracellular ITIM motif on its cytoplasmic tail
but also acts through a receptor competition mechanism in bind-
ing the CD155 and CD112 ligands on APCs that can activate T cells
through interaction with CD226.78

PD-1-mediated inhibition of T-cell signaling is the best-studied
ICI pathway involved in T-cell exhaustion. During T-cell activation,
the PD-1 receptor migrates into T-cell/APC contact region where
it forms microclusters upon binding with PDL-1. This recruitment
brings the SHP2 and SHP1 phosphatases into membrane proximal
region of the TCR and costimulatory receptors, inducing dephos-
phorylation of TCR-linked signaling proteins CD3¢, ZAP-70, PLC-
v1,7%% and the CD28 pathway involving PI3K and the associated
downstream cascade through the AKT pathway. The PD-1/SHP2
complex attenuates phosphorylation events associated with PKCO,
PI3K/AKT/mTOR, and Ras/MAPK/Erk signaling pathways needed
for optimal T-cell activation, proliferation, survival, and an altered
cellular metabolism.°%1%1 The dynamics of PD-1 with CD28 and in-
tracellular partners has been observed in fluorescence microscopy
imaging studies where PD-1 exists in microclusters on the cell sur-
face and is recruited along with SHP2 phosphatase into the immu-
nological synapse to suppress phosphorylation events during TCR
activation.®7>76192104 Qne caveat with many of these mechanistic

studies is that PD-1 expression on T cells was achieved through
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FIGURE 4 Signaling in T-cell activation and PD-1-mediated suppression. T-cell activation through the TCR/CD3 complex leads to the
phosphorylation of proximal signaling molecules that trigger downstream activation of NFAT, CREB, and p38 pathways. In the absence of
a costimulatory signaling through CD28, TCR activation of T cells leads to a hyporesponsive, anergic state. Signaling through the CD28
costimulatory receptor enhances activation of the PI3K/AKT/NFxB pathways that support T-cell proliferation and reduce apoptosis.
Interaction of PD-1 with PDL-1 during T-cell activation recruits the PD-1/SHP2 tyrosine phosphatase complex into the vicinity of TCR/CD3
and the CD28 co-receptor. This recruitment results in the dephosphorylation of membrane proximal PI3K, ZAP-70 and the intracellular
domains of CD28 and the CD3( chain, which suppresses T-cell activation. In PD-1 high exhausted T cells from chronically infected HIV
donors, the ligation of PD-1 with PDL-1 results in reduced phosphorylation of TCR proximal Lck and Zap-70 and downstream Erk1/2 in the
Ras-MEK1/2-Erk1/2 pathway. PD-1 suppression of T-cell activation also results in reduced calcium mobilization that is upstream of CREB
and NFAT transcription factors. In the CD28 costimulatory receptor pathway, ligation of PD-1 with PDL-1 significantly inhibits the PI3K/
AKT/NF«xB pathway with reduced phosphorylation of PDK1 and AKT

hPD-1 Fab NB01 prolonged in vitro T-cell stimulation as opposed to exhausted T cells
s VH produced in vivo in response to chronic infection.

Our own laboratory recently reported a direct evaluation of sig-

naling in truly exhausted T cells with elevated levels of PD-1 from a

105 T_cell activation in concert with

chronically infected HIV donor.
PD-1 ligation by PDL-1 suppressed signaling event in both the TCR and
CD28 pathways. TCR proximal phosphorylation of the Lck and ZAP-70
was inhibited along with the downstream Ras-MEK1/2 pathway moni-
tored through Erk1/2 phosphorylation. Calcium flux experiments using
exhausted T cells also showed a reduced degree of calcium mobilization
in stimulations performed in the presence of PDL-1, which leads to re-
duced activation of the NFAT pathway.*% The suppression of the CD28
signaling pathway resulted in significantly reduced phosphorylation
of PDK1 and its direct target, AKT, phosphorylated at position T308.
Formation of the full catalytically activation AKT, phosphorylated at
S473 by mTORC2, was also inhibited in the exhausted T cells (Figure 4).

An important validation of the signaling pathways involved in PD-1/

. o Lo PDL-1-mediated T-cell exhaustion is to monitor the restoration of spe-
FIGURE 5 Antagonistic antibodies binding the PD-1 receptor.

The structure of human PD-1 (hPD-1) in complex with the anti-

PD-1 NBO1 Fab was solved by molecular replacement using crystals
that diffracted to 2.2 A resolution (6HIG). Molecular modeling by PD-1/PDL-1 blockade. However, we recently reported the discovery
Ca superpositioning of hPD-1 coordinates with the pembrolizumab and validation of a novel class of antagonistic anti-PD-1 antibody that
(PDB 5GGS) and the nivolumab (PDB 5GGR) confirms that NBO1

Fab binding to PD-1 does not interfere with the binding of either . S .
tural studies d trated that th tibodies bound to th t
pembrolizumab or nivolumab anti-PD-1 Abs. The hPDL-1-binding ural studies demonstrated that these antibodies bound to the opposite

surface (PDB 4ZQK) on hPD-1 is colored in purple and is distinct face of the PD-1 protein relative to the PD-1/PDL-1 interaction site.

from the binding epitope of the NBO1 Fab that is non-blocking of The region on PD-1 targeted by these non-blocking antibodies is highly
the PD-1/PDL-1 interaction conserved across six different species and may potentially represent

cific phosphoprotein levels following anti-PD-1 therapy. In classical an-

ti-PD-1 antibody therapy, relief of T-cell exhaustion is achieved through

are non-blocking of the PD-1/PDL-1 interaction. Biochemical and struc-
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a binding site for a yet to be identified alternate PD-1 ligand or a re-
gion important for transmitting the negative regulatory effect of PD-1.
Structural modeling and competitive binding studies with cell surface
PD-1 also showed that the non-blocking anti-PD-1 antibody NBO1
could bind PD-1 concomitantly with either pembrolizumab or nivolumab
blocking anti-PD-1 antibodies (Figure 5). Consistent with blocking and
non-blocking antibodies both exerting distinct immune-enhancing func-
tional activity through PD-1, treatment with combinations of the two
antibody classes resulted in synergistic functional recovery of prolifera-
tion and IFN-y production from exhausted HIV-specific CD8 T cells. In
signaling studies performed in the presence of PD-1/PDL-1 suppression,
both blocking and non-blocking anti-PD-1 antibodies partially restored
signaling phosphorylation of PDK1 and AKT at positions T308 and S473
in the CD28 pathway. These results are consistent with two recent stud-
ies showing that that anti-PD-1-mediated tumor suppressive activity is
primarily dependent of the CD28 costimulatory receptor.'>%4 Both
classes of anti-PD-1 antibodies also restored calcium mobilization that is
downstream of the TCR activation pathway (Figure 4).

Aside from the signaling relationship between PD-1 and the CD28
pathway, immunoprecipitation studies performed with the pembroli-
zumab blocking anti-PD-1 antibody further demonstrated that in stim-
ulated T cells, PD-1 exists in a complex that includes CD28, SHP2,
PI3K, and phosphorylated Lck Src protein. Importantly, our antago-
nistic non-blocking anti-PD-1 antibody pulled down PD-1 in complex
with SHP2 and phosphorylated Lck Src, but showed significantly re-
duced interaction with CD28 and associated PI3K. This indicates that
elevated levels of PD-1 on a T cell may suppress T-cell activation by
two mechanism. One through PDL-1-mediated recruitment of PD-1
into the immunological synapse and other through a PD-1 cis-complex
with the CD28 costimulatory receptor. The later colocalization would
bring CD28-associated intracellular kinases essential for T-cell costim-
ulation into contact with PD-1-associated SHP2 phosphatase, result-
ing in a direct inhibition of the CD28 costimulatory signaling (Figure 6).

The coexpression of additional ICls with PD-1 in exhausted HIV-
specific T cells reflects an increased level of T-cell dysfunction that is
linked to the suppression of T-cell signaling. These ICs include TIMS3,
TIGIT, and Lag3 that acting on distinct or overlapping points of the
signaling cascade relative to PD-1. TIM3 suppresses T-cell activation
through Lck, Fyn, and PI3K[*°71% TIGIT recruits SHIP1 into the signal-
ing complex which blocks further signal transduction to PI3K, MAPK
pathways, and NFkB'®? and LAG3 is structurally similar to the CD4
co-receptor and acts through a poorly defined mechanism.**® With
their combined inhibitory effect, it is not surprising that T cells with
elevated levels of these ICls are almost completely functionally defec-

tive and incapable of mounting an effective immune response.

9 | RECOVERY OF T-CELL FUNCTION:
EFFECT OF ART

Upon initiating ART, the majority of patient have a dramatic reduc-

tion of viral load and HIV-1 productively infected cells in both the

periphery and lymph nodes.!* However, despite a spectacular effi-
cacy in reducing morbidity and mortality associate with HIV infec-
tion, these drugs only inhibit viral replication and cannot cure those
infected. ART maintains the level of plasma HIV-1 RNA below the limit
of detection for most treated patients. However, long-lived latently
infected memory CD4 T cells persist and the potential for residual
virus replication prevent the eradication of infected cells.*? Even
after decades of viral suppression, interruption of ART in patients in-
variably leads to a rapid viral rebound. In this regard, the continued
immune dysfunction, while on ART is evident by the inability of the vi-
rus-specific immune response to delay significantly the reemergence
of the HIV virus. The major causes of this immune dysfunction in HIV
are T-cell exhaustion that prevents a functional control of the virus
and necessitates life-long ART in most infected patients to suppress
viremia and prevent disease progression.

Patient under fully suppressive ART with undetectable HIV-1 plasma
viral loads gradual experience a downregulation of immune ICl expres-
sion on T cells, although frequencies remain higher compared to HIV-
uninfected individuals. A similar trend is observed CD38 + HLA-DR + T
cells, which represent an increased immune activation state.!*>!14 The
functionality of HIV-specific T cells improves with ART treatment with
both CD4 and CD8 T cells producing increased levels of IL-2 following
stimulation.'*>%¢ However, PD-1, TIM3 and LAG3 expression onthe T
cells of ART-treated patients was shown to be associated with the time
to viral rebound in studies following standardized treatment interrup-
tions.'” This demonstrates that the extent of T-cell exhaustion contrib-
utes an underlying immune dysfunction that is unable to control even
the low levels of virus produced from the latent HIV reservoir in the ab-
sence of ART. Our own unpublished results confirm a persistent func-
tional exhaustion of HIV-specific CD8 T cells in long-term suppressive
ART patients where PD-1 blockade significantly restores IFN-y produc-
tion by twofold. Similarly, combined blockade studies targeting TIGIT
and PDL-1 restored the proliferative capacity of virus-specific CD8 T
cells with enhanced proliferation compared to either single blockade.®

Early initiation of ART is clearly beneficial to patients on multiple
levels. Early adoption of ART in the acute phase of viral infection
correlates with a lower burden of latent HIV-1 reservoir and re-
duced systemic inflammation.**®22 Since the development of T-cell
exhaustion is a progressive condition with hierarchical loss of func-
tionality, early ART initiation represents the best opportunity to
preserve a patient's HIV-specific response before more pronounced

and effectively irreversible T-cell dysfunction is established.

10 | INFLUENCE ON ICIS IN PERSISTENCE
OF HIV

Multiple observational studies have demonstrated a clear association be-
tween expression of ICls and the HIV reservoir. Amongst these, a pivotal
study indicated that central memory CD4 T cells expressing PD-1 were
enriched in HIV-infected cells, thus providing the first evidence for ICI

expression on HIV-infected cells.'®® However, the first demonstration
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FIGURE 6 Anti-PD-1 antibody-mediated restoration of exhausted T cells. (A) In the standard activation model of T cells expressing low
levels of PD-1, the immunological synapse forms with the TCR/CD3 complex at the core, surrounded by the CD28 costimulatory receptor
within the cSMAC. This distribution forms a close complex of signaling molecules that enhances the T-cell activation cascade. (B) In PD-1
high T cells, PDL-1 binding to PD-1 recruits the PD-1/SHP2 complex into the cSMAC that effectively suppresses signaling through the SHP2
phosphatase-mediated dephosphorylation of TCR/CD3 and CD28 proximal signaling molecules. (C) Use of blocking anti-PD-1 antibodies
such as pembrolizumab partially restores T-cell signaling through limiting PD-1/PDL-1-mediated recruitment of the PD-1/SHP2 complex
into the cSMAC. The exclusion of SHP2 from the cSMAC reduces dephosphorylation of signaling molecules including ZAP-70, Lck, PI3K,
and AKT. However, our studies show that in activated T cells, pembrolizumab binding to PD-1 pulls down a complex that includes SHP2,
CD28, and PI3K following T-cell activation. As such, PD-1 may partially suppress T-cell activation by recruiting CD28 away from the cSMAC
and suppressing CD28 costimulation through the SHP2 phosphatase. (D) Our newly discovered anti-PD-1 antibody NBO1 is non-blocking of
the PD-1/PDL-1 interaction and has equivalent antagonistic activity compared to pembrolizumab in restoring T-cell signaling and antigen-
specific functional and proliferative activity to exhausted HIV-specific T cells. Based on immunoprecipitation studies, our proposal is that
non-blocking anti-PD-1 antibodies act through inhibiting close contact of the PD-1/SHP2 complex with CD28 and associated signaling
molecules following T-cell activation. As such, CD28 is free to migrate into the cSMAC and enhance T-cell activation

that PD-1 expressing CD4 T cells might also be the source of replication
competent virus was provided with the isolation and analysis of PD-1*
and PD-1"/Tth cells from subjects with non-progressive infection and
low viremia.*?* Since then, many studies have shown a significant cor-
relation between the frequency of PD-1* CD4 T cells with HIV persis-
tence during ART in blood*?>12% and in tissues.'?” However, the direct

evidence of a clear relationship between HIV reservoir and PD-1 ex-
pression came from isolated memory CD4 T cells from blood and lymph
node of HIV-infected aviremic ART-treated individuals. These studies
demonstrated that inducible replication competent HIV was found to
be highly enriched in lymph node PD-1* CD4 T cells, containing the

Tfh cell population.*?® Recently, a further enrichment in HIV infection
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FIGURE 7 Targeted killing of PD-1-positive HIV-infected cells. PD-1 expressing CD4 T cells represent the primary compartment of HIV-
infected cells that produce replication competent virus. Targeted killing of these PD-1 positive cells represents a novel therapeutic strategy
that can deplete the HIV reservoir of infected cells. Antibody drug conjugates (ADC) use a toxin-conjugated antibody that binds to the cell
surface PD-1 receptor. Internalization of PD-1 results in ADC degradation within the lysosome, resulting in toxin release that specifically kills
the PD-1 expressing cell. An alternate strategy for the targeted killing of HIV infected PD-1 positive cells is through antibody-dependent
cellular cytotoxicity (ADCC) with an 1gG1 anti-PD-1 antibody. The Fc portion of the antibody binds to the FcyRIIl receptors expressed on
effector cells including natural killer (NK) cells. NK cells release cytotoxic granules that kill the PD-1-positive HIV-infected CD4 T cell

was shown in cells that express multiple ICls simultaneously including
PD-1, TIGIT, and LAG3, suggesting that these inhibitory receptors not
only suppress T-cell activation but consequently suppress HIV transcrip-
tion,*?? and therefore favor HIV latency.*®® These observations have
prompted the investigation of whether ICI signaling through inhibition
of T-cell activation facilitate the establishment of latent HIV infection.
Indeed, Evans et al recently demonstrated that PD-1 blockade prior to
in vitro HIV infection decreased the frequency of latently HIV-infected
cells in their in vitro model of HIV latency, highlighting the potential of
ICIs blockade to disrupt latency.*®® In addition, we recently observed
that PD-1/PDL-1 interactions strongly inhibited TCR-mediated reactiva-
tion of HIV transcription and viral production from lymph nodes memory
CD4 T cells. Furthermore, PD-1 blockade with anti-PD-1 monoclonal
antibody treatment reactivated HIV replication from primary latently
infected cells in vitro.*3! These illuminating results revealing the associa-
tion between HIV persistence and ICls expression are now being further
explored in in vivo studies in individuals with HIV and cancer. Several
case report studies tested the potential benefit of using ICI blockers,
that is, anti-PD-1 or anti-CTLA-4 monoclonal antibodies to (a) poten-
tially reverse HIV latency in CD4 T cells, thereby allowing the expression
of HIV proteins on the cell surface and to (b) reinvigorate HIV-specific
CD8 T cells from their exhausted state to potentiate the elimination of
reactivated HIV-infected cells. While several reports highlighted a po-

tential reactivation of HIV reservoir markers, 132134

only one study re-
ported a subsequent decrease in HIV reservoir size.*>? Taken together,
these revelations highlighted the enrichment of HIV replication com-
petent virus within ICls expressing CD4 T cells. Further investigation is
needed to determine if targeting these T cells and relieving exhaustion

could break latency and eliminate the HIV reservoir.

11 | EXPLOITING PD-1 TARGETING TO
PURGE THE HIV RESERVOIR

Immunotherapy through PD-1 blockade represents a major break-

through that has provided a significant clinical benefit to patients

for the treatment of different cancers.’*>*%’ In vitro studies using
the cells of HIV-infected patients have established a clear proof of
principle benefit in using anti-PD-1 or PDL-1 antibodies to relieve
exhaustion and enhance HIV-antigen-specific functionality and pro-
liferation. Our own in vitro studies show that the combination of
classical blocking anti-PD-1 antibodies with novel antagonistic anti-
PD-1 antibodies that are non-blocking of the PD-1/PDL-1 interaction
synergize to relieve functional exhaustion of HIV-specific CD8 T cells
and represent an exciting option for HIV immunotherapy.'®® In vivo
PD-1 blockade studies with SIV-infected macaques demonstrated a
rapid expansion and functional quality of virus-specific CD8 T cells
in both the blood and gut tissue. PD-1 blockade reduction of plasma
viral load and impressively prolonged the survival of SIV-infected
macaques.138 Anti-PD-1 therapy combined with ART vs ART alone
in SIV-infected monkeys also had a more rapid suppression of viral
loads and delayed rebound after a standardized treatment interrup-
tion.?®? Despite the success of these studies and others at boosting
the immune-mediated antiviral activity, SIV-infected monkeys were
not able to maintain immunological control of the SIV virus. As such,
relieving T-cell-mediated exhaustion through anti-PD-1 blockade
is unlikely to be successful as a monotherapy. Although results are
preliminary for several clinical studies employing PD-1 blockade,
the patients tested thus far have only shown a modest response at
best.’32134 This indicates that immunotherapy targeting several ICls
in combination with other strategies to reactivate the virus from la-
tently infected cells may be needed to purge the HIV reservoir.

The HIV virus has developed a considerable stealth in evading de-
tection from a patient's immunological response. Antibody-mediated
immunotherapy targeting ICls can address T-cell functional exhaustion.
However, a limitation is the lack of access of HIV-specific cytotoxic
CD8 T cells to privileged anatomic compartments including lymphoid
organs where persistent viremia and/or residual virus replication may
occur in memory CD4 T cells. 19! Approaches for the targeted killing
of infected cells would provide an orthogonal method of eliminating the
highly heterogeneous latent population of infected cells. Passive immu-
nization using broadly neutralizing antibodies (bNabs) against the HIV-1

Envelope protein may contribute to the killing of infected cells through
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antibody-mediated effector function. However, a recent clinical study
was unable to show a benefit in reducing HIV-1 persistence in ART
suppressed patients with a combined bNab therapy.**? A strategy cur-
rently under evaluation by our group exploits the fact that PD-1 + CD4
T cells from blood and lymph nodes represent the major cell reservoir
for replication competent and infectious HIV in chronic and in long-
term antiretroviral-treated subjects. An anti-PD-1 antibody drug conju-
gate (ADC) was developed with a PNU toxin and in vitro studies show
specific induction of apoptosis and cell death in PD-1 positive cells.
Anti-PD-1 ADC treatment of CD4 T cells from chronically infected
HIV-1 donors significantly reduced viral production relative to a control
anti-PD-1 antibody. This therapy was also effective in aviremic ART do-
nors, purging the majority of cells from that were capable of producing
infectious virus (Figure 7).}3! Although these data are very encouraging,
a primary consideration with all of therapeutic approaches to eliminate
the HIV reservoir will be safety. Considerable strides have led to the de-
velopment of highly potent ART that effectively suppressed viral loads
in most patients for decades with limited adverse events and liabilities.
As such, the bar will be set high to demonstrate a clear medical need for
the use of curative strategies that present any dangers to the long-term
health of patients.

ACKNOWLEDGMENTS

We thank A. Farina and C. Pellaton for their contributions to this
manuscript. The Swiss Vaccine Research Institute and the Swiss
National Fund (310030_179246) provided funding during the prepa-

ration of this manuscript.

CONFLICT OF INTEREST
All authors declare no conflict of interest with this review.

ORCID

Giuseppe Pantaleo https://orcid.org/0000-0003-3651-2721

REFERENCES

1. Schwartz RH. T cell anergy. Annu Rev Immunol. 2003;21:305-334.

2. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation
and co-inhibition. Nat Rev Immunol. 2013;13(4):227-242. https://
doi.org/10.1038/nri3405.

3. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell
exhaustion. Nat Rev Immunol. 2015;15(8):486-499. https://doi.
org/10.1038/nri3862.

4. Attanasio J, Wherry EJ. Costimulatory and Coinhibitory Receptor
Pathways in Infectious Disease. Immunity. 2016;44(5):1052-1068.
https://doi.org/10.1016/j.immuni.2016.04.022.

5. Keir ME, Liang SC, Guleria I, et al. Tissue expression of PD-L1
mediates peripheral T cell tolerance. J Exp Med. 2006;203(4):883-
895. https://doi.org/10.1084/jem.20051776.

6. Fuller MJ, Zajac AJ. Ablation of CD8 and CD4 T cell responses by
high viral loads. J Immunol. 2003;170(1):477-486.

7. Wherry EJ, Blattman JN, Murali-Krishna K, van der Most R,
Ahmed R. Viral persistence alters CD8 T-cell immunodominance

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Immunological Reviews

and tissue distribution and results in distinct stages of functional
impairment. J Virol. 2003;77(8):4911-4927.

Welsh RM. Assessing CD8 T cell number and dysfunction in the
presence of antigen. J Exp Med. 2001;193(5):F19-F22. https://doi.
org/10.1084/jem.193.5.F19.

Antoine P, Olislagers V, Huygens A, et al. Functional exhaustion of
CD4+ T lymphocytes during primary cytomegalovirus infection. J
Immunol. 2012;189(5):2665-2672.

Wherry EJ. T cell exhaustion. Nat Immunol. 2011;12(6):492-499.
Kaufmann DE, Walker BD. PD-1 and CTLA-4 inhibitory cosignal-
ing pathways in HIV infection and the potential for therapeutic
intervention. J Immunol. 2009;182(10):5891-5897. https://doi.
org/10.4049/jimmunol.0803771.

Crawford A, Angelosanto JM, Kao C, et al. Molecular and tran-
scriptional basis of CD4(+) T cell dysfunction during chronic in-
fection. Immunity. 2014;40(2):289-302. https://doi.org/10.1016/j.
immuni.2014.01.005.

Zajac AJ, Blattman JN, Murali-Krishna K, et al. Viral immune eva-
sion due to persistence of activated T cells without effector func-
tion. J Exp Med. 1998;188(12):2205-2213.

Matloubian M, Concepcion RJ, Ahmed R. CD4+ T cells are re-
quired to sustain CD8+ cytotoxic T-cell responses during chronic
viral infection. J Virol. 1994;68(12):8056-8063.

Aubert RD, Kamphorst AO, Sarkar S, et al. Antigen-specific CD4
T-cell help rescues exhausted CD8 T cells during chronic viral in-
fection. Proc Natl Acad Sci USA. 2011;108(52):21182-21187. https
://doi.org/10.1073/pnas.1118450109.

Zhang S, Zhang H, Zhao J. The role of CD4 T cell help for CD8 CTL
activation. Biochem Biophys Res Commun. 2009;384(4):405-408.
https://doi.org/10.1016/j.bbrc.2009.04.134.

Shin H, Blackburn SD, Blattman JN, Wherry EJ. Viral antigen
and extensive division maintain virus-specific CD8 T cells during
chronic infection. J Exp Med. 2007;204(4):941-949. https://doi.
org/10.1084/jem.20061937.

Utzschneider DT, Legat A, Fuertes Marraco SA, et al. T cells main-
tain an exhausted phenotype after antigen withdrawal and popu-
lation reexpansion. Nat Immunol. 2013;14(6):603-610. https://doi.
org/10.1038/ni.2606.

Wherry EJ, Barber DL, Kaech SM, Blattman JN, Ahmed R. Antigen-
independent memory CD8 T cells do not develop during chronic
viral infection. Proc Natl Acad Sci USA. 2004;101(45):16004-16009.
https://doi.org/10.1073/pnas.0407192101.

Paley MA, Kroy DC, Odorizzi PM, et al. Progenitor and terminal
subsets of CD8+ T cells cooperate to contain chronic viral infection.
Science. 2012;338(6111):1220-1225. https://doi.org/10.1126/scien
ce.1229620.

Fuller MJ, Khanolkar A, Tebo AE, Zajac AJ. Maintenance, loss,
and resurgence of T cell responses during acute, protracted, and
chronic viral infections. J Immunol. 2004;172(7):4204-4214.
Wherry EJ, Ha SJ, Kaech SM, et al. Molecular signature of CD8+ T cell
exhaustion during chronic viral infection. Immunity. 2007;27(4):670-
684. https://doi.org/10.1016/j.immuni.2007.09.006.

Martinez GJ, Pereira RM, Aijo T, et al. The Transcription factor
NFAT promotes exhaustion of activated CD8 + T cells. Immunity.
2015;42(2):265-278. https://doi.org/10.1016/j.immuni.2015.01.
006.

Quigley M, Pereyra F, Nilsson B, et al. Transcriptional analysis of
HIV-specific CD8+ T cells shows that PD-1 inhibits T cell function
by upregulating BATF. Nat Med. 2010;16(10):1147-1151. https:/doi.
org/10.1038/nm.2232.

Oestreich KJ, Yoon H, Ahmed R, Boss JM. NFATcl regu-
lates PD-1 expression upon T cell activation. J Immunol.
2008;181(7):4832-4839.

Man K, Gabriel SS, Liao Y, et al. Transcription Factor IRF4 Promotes
CD8+ T Cell Exhaustion and Limits the Development of Memory-like


https://orcid.org/0000-0003-3651-2721
https://orcid.org/0000-0003-3651-2721
https://doi.org/10.1038/nri3405
https://doi.org/10.1038/nri3405
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/nri3862
https://doi.org/10.1016/j.immuni.2016.04.022
https://doi.org/10.1084/jem.20051776
https://doi.org/10.1084/jem.193.5.F19
https://doi.org/10.1084/jem.193.5.F19
https://doi.org/10.4049/jimmunol.0803771
https://doi.org/10.4049/jimmunol.0803771
https://doi.org/10.1016/j.immuni.2014.01.005
https://doi.org/10.1016/j.immuni.2014.01.005
https://doi.org/10.1073/pnas.1118450109
https://doi.org/10.1073/pnas.1118450109
https://doi.org/10.1016/j.bbrc.2009.04.134
https://doi.org/10.1084/jem.20061937
https://doi.org/10.1084/jem.20061937
https://doi.org/10.1038/ni.2606
https://doi.org/10.1038/ni.2606
https://doi.org/10.1073/pnas.0407192101
https://doi.org/10.1126/science.1229620
https://doi.org/10.1126/science.1229620
https://doi.org/10.1016/j.immuni.2007.09.006
https://doi.org/10.1016/j.immuni.2015.01.006
https://doi.org/10.1016/j.immuni.2015.01.006
https://doi.org/10.1038/nm.2232
https://doi.org/10.1038/nm.2232

160

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

FENWICK ET AL

Immunological Reviews

T Cells during Chronic Infection. Immunity. 2017;47(6):1129-1141.
e5. https:/doi.org/10.1016/j.immuni.2017.11.021.

Doering TA, Crawford A, Angelosanto JM, Paley MA, Ziegler CG,
Wherry EJ. Network analysis reveals centrally connected genes
and pathways involved in CD8+ T cell exhaustion versus mem-
ory. Immunity. 2012;37(6):1130-1144. https://doi.org/10.1016/j.
immuni.2012.08.021.

Im SJ, Hashimoto M, Gerner MY, et al. Defining CD8+ T cells
that provide the proliferative burst after PD-1 therapy. Nature.
2016;537(7620):417-421. https://doi.org/10.1038/natur
e19330.

Utzschneider DT, Charmoy M, Chennupati V, et al. T cell factor
1-expressing memory-like CD8+ T cells sustain the immune re-
sponse to chronic viral infections. Immunity. 2016;45(2):415-427.
https://doi.org/10.1016/j.immuni.2016.07.021.

Odorizzi PM, Pauken KE, Paley MA, Sharpe A, Wherry EJ. Genetic
absence of PD-1 promotes accumulation of terminally differenti-
ated exhausted CD8+ T cells. J Exp Med. 2015;212(7):1125-1137.
https://doi.org/10.1084/jem.20142237.

Huang AC, Postow MA, Orlowski RJ, et al. T-cell invigoration to
tumour burden ratio associated with anti-PD-1 response. Nature.
2017;545(7652):60-65. https://doi.org/10.1038/nature22079
Buggert M, Tauriainen J, Yamamoto T, et al. T-bet and eomes are
differentially linked to the exhausted phenotype of CD8+ T cells in
HIV infection. PLoS Pathog. 2014;10(7):e1004251.

de Masson A, Kirilovsky A, Zoorob R, et al. Blimp-1 overexpres-
sion is associated with low HIV-1 reservoir and transcription lev-
els in central memory CD4+ T cells from elite controllers. AIDS.
2014;28(11):1567-1577. https://doi.org/10.1097/QAD.00000
00000000295.

Parish 1A, Marshall HD, Staron MM, et al. Chronic viral infec-
tion promotes sustained Thil-derived immunoregulatory I[L-10
via BLIMP-1. J Clin Invest. 2014;124(8):3455-3468. https://doi.
org/10.1172/JC166108.

Shin H, Blackburn SD, Intlekofer AM, et al. A role for the tran-
scriptional repressor blimp-1 in CD8+ T Cell Exhaustion during
chronic viral infection. Immunity. 2009;31(2):309-320. https://doi.
org/10.1016/j.immuni.2009.06.019.

Bengsch B, Ohtani T, Khan O, et al. Epigenomic-guided mass cy-
tometry profiling reveals disease-specific features of exhausted
CD8 T cells. Immunity. 2018;48(5):1029-1045.e5.

O'Sullivan D, Pearce EL. Targeting T cell metabolism for therapy.
Trends Immunol. 2015;36(2):71-80. https://doi.org/10.1016/j.
it.2014.12.004.

Bengsch B, Johnson AL, Kurachi M, et al. Bioenergetic insuffi-
ciencies due to metabolic alterations regulated by the inhibitory
receptor PD-1 are an early driver of CD8 + T cell exhaustion.
Immunity. 2016;45(2):358-373. https://doi.org/10.1016/j.
immuni.2016.07.008.

Patsoukis N, Bardhan K, Chatterjee P, et al. PD-1 alters T-cell met-
abolic reprogramming by inhibiting glycolysis and promoting lip-
olysis and fatty acid oxidation. Nat Commun. 2015;6(1): https://doi.
org/10.1038/ncomms7692.

Staron MM, Gray SM, Marshall HD, et al. The transcription fac-
tor FoxO1 sustains expression of the inhibitory receptor PD-1
and survival of antiviral CD8+ T cells during chronic infec-
tion. Immunity. 2014;41(5):802-814. https://doi.org/10.1016/j.
immuni.2014.10.013.

Scharping NE, Menk AV, Moreci RS, et al. The tumor microen-
vironment represses T cell mitochondrial biogenesis to drive
intratumoral T cell metabolic insufficiency and dysfunction.
Immunity. 2016;45(2):374-388. https://doi.org/10.1016/j.
immuni.2016.07.009.

Philip M, Fairchild L, Sun L, et al. Chromatin states define tu-
mour-specific T cell dysfunction and reprogramming. Nature.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

2017;545(7655):452-456.
e22367.

https://doi.org/10.1038/natur

. Youngblood B, Noto A, Porichis F, et al. Cutting edge: prolonged

exposure to HIV reinforces a poised epigenetic program for PD-1
expression in virus-specific CD8 T cells. J Immunol. 2013;191(2):540-
544. https://doi.org/10.4049/jimmunol.1203161.

Sen DR, Kaminski J, Barnitz RA, et al. The epigenetic landscape of
T cell exhaustion. Science. 2016;354(6316):1165-1169. https://doi.
org/10.1126/science.aae0491.

Austin JW, Lu P, Majumder P, Ahmed R, Boss JM. STATS3,
STAT4, NFATc1, and CTCF Regulate PD-1 through Multiple
Novel Regulatory Regions in Murine T Cells. J Immunol.
2014;192(10):4876-4886. https://doi.org/10.4049/jimmu
nol.1302750.

Scott-Browne JP, Lopez-Moyado IF, Trifari S, et al. Dynamic
Changes in Chromatin Accessibility Occur in CD8 + T Cells
Responding to Viral Infection. Immunity. 2016;45(6):1327-1340.
https://doi.org/10.1016/j.immuni.2016.10.028.

Ahmed R, Salmi A, Butler LD, Chiller JM. Oldstone MB. Selection
of genetic variants of lymphocytic choriomeningitis virus in
spleens of persistently infected mice. Role in suppression of cy-
totoxic T lymphocyte response and viral persistence. J Exp Med.
1984;160(2):521-540.

Zinkernagel RM. Lymphocytic choriomeningitis virus and immu-
nology. Curr Top Microbiol Inmunol. 2002;263:1-5.

Gallimore A, Glithero A, Godkin A, et al. Induction and exhaus-
tion of lymphocytic choriomeningitis virus-specific cytotoxic
T lymphocytes visualized using soluble tetrameric major his-
tocompatibility complex class I-peptide complexes. J Exp Med.
1998;187(9):1383-1393.

Barber DL, Wherry EJ, Masopust D, et al. Restoring function in
exhausted CD8 T cells during chronic viral infection. Nature.
2006;439(7077):682-687. https://doi.org/10.1038/nature04444.
Jin X, Bauer DE, Tuttleton SE, et al. Dramatic rise in plasma viremia
after CD8(+) T cell depletion in simian immunodeficiency virus-in-
fected macaques. J Exp Med. 1999;189(6):991-998.

Papagno L, Spina CA, Marchant A, et al. Immune activation and
CD8+ T-cell differentiation towards senescence in HIV-1 infec-
tion. PLoS Biol. 2004;2(2):e20-https://doi.org/10.1371/journ
al.pbio.0020020.

Douek DC, Brenchley JM, Betts MR, et al. HIV preferentially in-
fects HIV-specific CD4+ T cells. Nature. 2002;417(6884):95-98.
https://doi.org/10.1038/417095a.

Day CL, Kaufmann DE, Kiepiela P, et al. PD-1 expression on
HIV-specific T cells is associated with T-cell exhaustion and dis-
ease progression. Nature. 2006;443(7109):350-354. https://doi.
org/10.1038/nature05115.

Trautmann L, Janbazian L, Chomont N, et al. Upregulation of PD-1
expression on HIV-specific CD8+ T cells leads to reversible im-
mune dysfunction. Nat Med. 2006;12(10):1198-1202. https://doi.
org/10.1038/nm1482.

Petrovas C, Casazza JP, Brenchley JM, et al. PD-1 is a regu-
lator of virus-specific CD8+ T cell survival in HIV infection. J
Exp Med. 2006;203(10):2281-2292. https://doi.org/10.1084/
jem.20061496.

Blackburn SD, Shin H, Haining WN, et al. Coregulation of CD8+
T cell exhaustion by multiple inhibitory receptors during chronic
viral infection. Nat Immunol. 2009;10(1):29-37. https://doi.
org/10.1038/ni.1679.

Chew GM, Fujita T, Webb GM, et al. TIGIT Marks Exhausted T
Cells, Correlates with Disease Progression, and Serves as a Target
for Immune Restoration in HIV and SIV Infection. PLoS Pathog.
2016;12(1):e1005349. https:/doi.org/10.1371/journal.ppat.1005349.
Pombo C, Wherry EJ, Gostick E, Price DA, Betts MR. Elevated ex-
pression of CD160 and 2B4 defines a cytolytic HIV-specific CD8+


https://doi.org/10.1016/j.immuni.2017.11.021
https://doi.org/10.1016/j.immuni.2012.08.021
https://doi.org/10.1016/j.immuni.2012.08.021
https://doi.org/10.1038/nature19330
https://doi.org/10.1038/nature19330
https://doi.org/10.1016/j.immuni.2016.07.021
https://doi.org/10.1084/jem.20142237
https://doi.org/10.1038/nature22079
https://doi.org/10.1097/QAD.0000000000000295
https://doi.org/10.1097/QAD.0000000000000295
https://doi.org/10.1172/JCI66108
https://doi.org/10.1172/JCI66108
https://doi.org/10.1016/j.immuni.2009.06.019
https://doi.org/10.1016/j.immuni.2009.06.019
https://doi.org/10.1016/j.it.2014.12.004
https://doi.org/10.1016/j.it.2014.12.004
https://doi.org/10.1016/j.immuni.2016.07.008
https://doi.org/10.1016/j.immuni.2016.07.008
https://doi.org/10.1038/ncomms7692
https://doi.org/10.1038/ncomms7692
https://doi.org/10.1016/j.immuni.2014.10.013
https://doi.org/10.1016/j.immuni.2014.10.013
https://doi.org/10.1016/j.immuni.2016.07.009
https://doi.org/10.1016/j.immuni.2016.07.009
https://doi.org/10.1038/nature22367
https://doi.org/10.1038/nature22367
https://doi.org/10.4049/jimmunol.1203161
https://doi.org/10.1126/science.aae0491
https://doi.org/10.1126/science.aae0491
https://doi.org/10.4049/jimmunol.1302750
https://doi.org/10.4049/jimmunol.1302750
https://doi.org/10.1016/j.immuni.2016.10.028
https://doi.org/10.1038/nature04444
https://doi.org/10.1371/journal.pbio.0020020
https://doi.org/10.1371/journal.pbio.0020020
https://doi.org/10.1038/417095a
https://doi.org/10.1038/nature05115
https://doi.org/10.1038/nature05115
https://doi.org/10.1038/nm1482
https://doi.org/10.1038/nm1482
https://doi.org/10.1084/jem.20061496
https://doi.org/10.1084/jem.20061496
https://doi.org/10.1038/ni.1679
https://doi.org/10.1038/ni.1679
https://doi.org/10.1371/journal.ppat.1005349

FENWICK ET AL

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

T-cell population in elite controllers. J Infect Dis. 2015;212(9):1376-
1386. https://doi.org/10.1093/infdis/jiv226.

Jones RB, Ndhlovu LC, Barbour JD, et al. Tim-3 expression de-
fines a novel population of dysfunctional T cells with highly
elevated frequencies in progressive HIV-1 infection. J Exp
Med. 2008;205(12):2763-2779. https://doi.org/10.1084/
jem.20081398.

PeretzY,He Z, Shi Y, et al. CD160 and PD-1 Co-expression on HIV-
specific CD8 T cells defines a subset with advanced dysfunction.
PLoS Pathog. 2012;8(8):e1002840. https://doi.org/10.1371/journ
al.ppat.1002840.

Jin HT, Anderson AC, Tan WG, et al. Cooperation of Tim-3 and
PD-1 in CD8 T-cell exhaustion during chronic viral infection.
Proc Natl Acad Sci USA. 2010;107(33):14733-14738. https://doi.
org/10.1073/pnas.1009731107.

Hoffmann M, Pantazis N, Martin GE, et al. Exhaustion of activated
CD8 T cells predicts disease progression in primary HIV-1 infec-
tion. PLoS Pathog. 2016;12(7):e1005661. https://doi.org/10.1371/
journal.ppat.1005661.

Yamamoto T, Price DA, Casazza JP, et al. Surface expression patterns of
negative regulatory molecules identify determinants of virus-specific
CD8+ T-cell exhaustion in HIV infection. Blood. 2011;117(18):4805-
4815. https:/doi.org/10.1182/blood-2010-11-317297.

Appay V, Nixon DF, Donahoe SM, et al. HIV-specific CD8(+) T
cells produce antiviral cytokines but are impaired in cytolytic
function. J Exp Med. 2000;192(1):63-75. https://doi.org/10.1084/
jem.192.1.63.

Kostense S, Vandenberghe K, Joling J, et al. Persistent num-
bers of tetramer+ CD8(+) T cells, but loss of interferon-gamma-+
HIV-specific T cells during progression to AIDS. Blood.
2002;99(7):2505-2511.

Petrovas C, Mueller YM, Dimitriou ID, et al. Increased mitochon-
drial mass characterizes the survival defect of HIV-specific CD8+
T cells. Blood. 2007;109(6):2505-2513. https://doi.org/10.1182/
blood-2006-05-021626

Younes SA, Yassine-Diab B, Dumont AR, et al. HIV-1 viremia pre-
vents the establishment of interleukin 2-producing HIV-specific
memory CD4+ T cells endowed with proliferative capacity. J
Exp Med. 2003;198(12):1909-1922. https://doi.org/10.1084/
jem.20031598.

Palmer BE, Boritz E, Wilson CC. Effects of sustained HIV-1 plasma
viremia on HIV-1 Gag-specific CD4+ T cell maturation and func-
tion. J Immunol. 2004;172(5):3337-3347. https://doi.org/10.4049/
jimmunol.172.5.3337.

D'Souza M, Fontenot AP, Mack DG, et al. Programmed death
1 expression on HIV-specific CD4+ T cells is driven by viral
replication and associated with T cell dysfunction. J Immunol.
2007;179(3):1979-1987. https://doi.org/10.4049/jimmu
nol.179.3.1979.

Kaufmann DE, Kavanagh DG, Pereyra F, et al. Upregulation of
CTLA-4 by HIV-specific CD4+ T cells correlates with disease
progression and defines a reversible immune dysfunction. Nat
Immunol. 2007;8(11):1246-1254. https://doi.org/10.1038/ni1515.
Porichis F, Kwon DS, Zupkosky J, et al. Responsiveness of HIV-
specific CD4 T cells to PD-1 blockade. Blood. 2011;118(4):965-
974. https://doi.org/10.1182/blood-2010-12-328070.

Kassu A, Marcus RA, D'Souza MB, et al. Regulation of virus-spe-
cific CD4+ T cell function by multiple costimulatory receptors
during chronic HIV infection. J Immunol. 2010;185(5):3007-3018.
https://doi.org/10.4049/jimmunol.1000156.

Giorgi JV, Hultin LE, McKeating JA, et al. Shorter survival in ad-
vanced human immunodeficiency virus type 1 infection is more
closely associated with T lymphocyte activation than with plasma
virus burden or virus chemokine coreceptor usage. J Infect Dis.
1999;179(4):859-870. https://doi.org/10.1086/314660.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Immunological Reviews

Zaunders JJ, Cunningham PH, Kelleher AD, et al. Potent antiret-
roviral therapy of primary human immunodeficiency virus type
1 (HIV-1) infection: partial normalization of T lymphocyte sub-
sets and limited reduction of HIV-1 DNA despite clearance of
plasma viremia. The J Infect Dis. 1999;180(2):320-329. https://doi.
org/10.1086/314880.

Appay V, Dunbar PR, Callan M, et al. Memory CD8+ T cells vary
in differentiation phenotype in different persistent virus infec-
tions. Nat Med. 2002;8(4):379-385. https://doi.org/10.1038/
nm0402-379.

Speiser DE, Migliaccio M, Pittet MJ, et al. Human CD8(+) T
cells expressing HLA-DR and CD28 show telomerase activity
and are distinct from cytolytic effector T cells. Eur J Immunol.
2001;31(2):459-466.

van Baarle D, Kostense S, Hovenkamp E, et al. Lack of ep-
stein-barr virus- and HIV-SPECIFIC CD27- CD8+ T cells is asso-
ciated with progression to viral disease in HIV-infection. AIDS.
2002;16(15):2001-2011.

Champagne P, Ogg GS, King AS, et al. Skewed maturation of mem-
ory HIV-specific CD8 T lymphocytes. Nature. 2001;410(6824):106-
111. https://doi.org/10.1038/35065118.

Ellefsen K, Harari A, Champagne P, Bart PA, Sekaly RP, Pantaleo G.
Distribution and functional analysis of memory antiviral CD8 T cell
responses in HIV-1 and cytomegalovirus infections. Eur J Immunol.
2002;32(12):3756-3764.

Veiga-Parga T, Sehrawat S, Rouse BT. Role of regulatory T cells
during virus infection. Immunol Rev. 2013;255(1):182-196. https://
doi.org/10.1111/imr.12085.

Stylianou E, Aukrust P, Kvale D, Muller F, Froland SS. IL-10 in HIV
infection: increasing serum IL-10 levels with disease progression-
down-regulatory effect of potent anti-retroviral therapy. Clin Exp
Immunol. 1999;116(1):115-120.

Brockman MA, Kwon DS, Tighe DP, et al. IL-10 is up-regulated in
multiple cell types during viremic HIV infection and reversibly in-
hibits virus-specific T cells. Blood. 2009;114(2):346-356. https://
doi.org/10.1182/blood-2008-12-191296.

Deeks SG, Walker BD. Human immunodeficiency virus control-
lers: mechanisms of durable virus control in the absence of an-
tiretroviral therapy. Immunity. 2007;27(3):406-416. https://doi.
org/10.1016/j.immuni.2007.08.010.

Rosas-Umbert M, Llano A, Bellido R, et al. Mechanisms of abrupt
loss of virus control in a cohort of previous HIV controllers. J Virol.
2019;93(4): https://doi.org/10.1128/JV1.01436-18.

Shoukry NH, Grakoui A, Houghton M, et al. Memory CD8+ T
cells are required for protection from persistent hepatitis C
virus infection. J Exp Med. 2003;197(12):1645-1655. https://doi.
org/10.1084/jem.20030239.

Thimme R, Wieland S, Steiger C, et al. CD8(+) T cells mediate viral
clearance and disease pathogenesis during acute hepatitis B virus
infection. J Virol. 2003;77(1):68-76.

Schulze Zur Wiesch J, Ciuffreda D, Lewis-Ximenez L, et al. Broadly
directed virus-specific CD4+ T cell responses are primed during
acute hepatitis C infection, but rapidly disappear from human
blood with viral persistence. J Exp Med. 2012;209(1):61-75.
10.1084/jem.20100388.

Fisicaro P, Valdatta C, Massari M, et al. Antiviral intrahepatic T-cell
responses can be restored by blocking programmed death-1 path-
way in chronic hepatitis B. Gastroenterology. 2010;138(2):682-693.
e4. https://doi.org/10.1053/j.gastro.2009.09.052.

Liu J, Zhang E, Ma Z, et al. Enhancing virus-specific immunity in
vivo by combining therapeutic vaccination and PD-L1 blockade in
chronichepadnaviralinfection.PLoS Pathog.2014;10(1):e1003856-
https://doi.org/10.1371/journal.ppat.1003856.

Gardiner D, Lalezari J, Lawitz E, et al. A randomized, dou-
ble-blind, placebo-controlled assessment of BMS-936558,


https://doi.org/10.1093/infdis/jiv226
https://doi.org/10.1084/jem.20081398
https://doi.org/10.1084/jem.20081398
https://doi.org/10.1371/journal.ppat.1002840
https://doi.org/10.1371/journal.ppat.1002840
https://doi.org/10.1073/pnas.1009731107
https://doi.org/10.1073/pnas.1009731107
https://doi.org/10.1371/journal.ppat.1005661
https://doi.org/10.1371/journal.ppat.1005661
https://doi.org/10.1182/blood-2010-11-317297
https://doi.org/10.1084/jem.192.1.63
https://doi.org/10.1084/jem.192.1.63
https://doi.org/10.1182/blood-2006-05-021626
https://doi.org/10.1182/blood-2006-05-021626
https://doi.org/10.1084/jem.20031598
https://doi.org/10.1084/jem.20031598
https://doi.org/10.4049/jimmunol.172.5.3337
https://doi.org/10.4049/jimmunol.172.5.3337
https://doi.org/10.4049/jimmunol.179.3.1979
https://doi.org/10.4049/jimmunol.179.3.1979
https://doi.org/10.1038/ni1515
https://doi.org/10.1182/blood-2010-12-328070
https://doi.org/10.4049/jimmunol.1000156
https://doi.org/10.1086/314660
https://doi.org/10.1086/314880
https://doi.org/10.1086/314880
https://doi.org/10.1038/nm0402-379
https://doi.org/10.1038/nm0402-379
https://doi.org/10.1038/35065118
https://doi.org/10.1111/imr.12085
https://doi.org/10.1111/imr.12085
https://doi.org/10.1182/blood-2008-12-191296
https://doi.org/10.1182/blood-2008-12-191296
https://doi.org/10.1016/j.immuni.2007.08.010
https://doi.org/10.1016/j.immuni.2007.08.010
https://doi.org/10.1128/JVI.01436-18
https://doi.org/10.1084/jem.20030239
https://doi.org/10.1084/jem.20030239
0.1084/jem.20100388
https://doi.org/10.1053/j.gastro.2009.09.052
https://doi.org/10.1371/journal.ppat.1003856

ﬂWl LEY

92.
93.

94.

95.

96.
97.
98.

99.

100.

101.

102.

103.
104.

105.

FENWICK ET AL

Immunological Reviews

a fully human monoclonal antibody to programmed death-1
(PD-1), in patients with chronic hepatitis C virus infection.
PLoS ONE. 2013;8(5):e63818. https://doi.org/10.1371/journ
al.pone.0063818.

Fuller MJ, Callendret B, Zhu B, et al. Inmunotherapy of chronic
hepatitis C virus infection with antibodies against programmed
cell death-1 (PD-1). Proc Natl Acad Sci USA. 2013;110(37):15001-
15006. https://doi.org/10.1073/pnas.1312772110.

Masaki A, Ishida T, Suzuki S, et al. Human T-cell lymphotropic/
leukemia virus type 1 (HTLV-1) Tax-specific T-cell exhaustion in
HTLV-1-infected individuals. Cancer Sci. 2018;109(8):2383-2390.
https://doi.org/10.1111/cas.13654.

Kozako T, Yoshimitsu M, Akimoto M, et al. Programmed death-1
(PD-1)/PD-1 ligand pathway-mediated immune responses against
human T-lymphotropic virus type 1 (HTLV-1) in HTLV-1-associated
myelopathy/tropical spastic paraparesis and carriers with autoim-
mune disorders. Hum Immunol. 2011;72(11):1001-1006. https://
doi.org/10.1016/j.humimm.2011.07.308.

Yokosuka T, Takamatsu M, Kobayashi-Imanishi W, Hashimoto-
Tane A, Azuma M, Saito T. Programmed cell death 1 forms
negative costimulatory microclusters that directly inhibit T
cell receptor signaling by recruiting phosphatase SHP2. J Exp
Med. 2012;209(6):1201-1217. https://doi.org/10.1084/jem.20
112741.

Sheppard KA, Fitz LJ, Lee JM, et al. PD-1 inhibits T-cell re-
ceptor induced phosphorylation of the ZAP70/CD3zeta sig-
nalosome and downstream signaling to PKCtheta. FEBS Lett.
2004;574(1-3):37-41.

Conley JM, Gallagher MP, Berg LJT. Cells and gene regulation:
the switching on and turning up of genes after T cell receptor
stimulation in CD8 T cells. Front Immunol. 2016;7: https://doi.
org/10.3389/fimmu.2016.00076.

McLane LM, Abdel-Hakeem MS, Wherry EJ. CD8 T cell exhaus-
tion during chronic viral infection and cancer. Ann Rev Immunol.
2019;37(1):457-495. https://doi.org/10.1146/annurev-immun
0l-041015-055318.

Egen JG, Kuhns MS, Allison JP. CTLA-4: new insights into its bi-
ological function and use in tumor immunotherapy. Nat Immunol.
2002;3(7):611-618. https://doi.org/10.1038/ni0702-611..

Parry RV, Chemnitz JM, Frauwirth KA, et al. CTLA-4 and PD-1
Receptors Inhibit T-Cell Activation by Distinct Mechanisms.
Mol Cell Biol. 2005;25(21):9543-9553. https://doi.org/10.1128/
MCB.25.21.9543-9553.2005.

Patsoukis N, Brown J, Petkova V, Liu F, Li L, Boussiotis VA.
Selective Effects of PD-1 on Akt and Ras pathways regulate mo-
lecular components of the cell cycle and inhibit T cell proliferation.
Sci Signal. 2012;5(230):ra46-ra46. https://doi.org/10.1126/scisi
gnal.2002796.

Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL. SHP-1 and
SHP-2 associate with immunoreceptor tyrosine-based switch
motif of programmed death 1 upon primary human T cell stim-
ulation, but only receptor ligation prevents T cell activation. J
Immunol. 2004;173(2):945-954.

Hui E, Cheung J, Zhu J, et al. T cell costimulatory receptor
CD28 is a primary target for PD-1-mediated inhibition. Science.
2017;355(6332):1428-1433. https://doi.org/10.1126/scien
ce.aaf1292.

Kamphorst AO, Wieland A, Nasti T, et al. Rescue of exhausted CD8
T cells by PD-1-targeted therapies is CD28-dependent. Science.
2017;355(6332):1423-1427. https://doi.org/10.1126/scien
ce.aaf0683.

Fenwick C, Loredo-Varela JL, Joo V, et al. Tumor suppression of
novel anti-PD-1 antibodies mediated through CD28 costimu-
latory pathway. J Exp Med. 2019;216(7):1525-1541. https://doi.
org/10.1084/jem.20182359.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Trebak M, Kinet JP. Calcium signalling in T cells. Nat Rev Immunol.
2019;19(3):154-169. https://doi.org/10.1038/s41577-018-0110-7.
Anderson AC, Joller N, Kuchroo VK. Calcium signalling in T cells.
Nat Rev Immunol. 2019;19(3):154-169. https://doi.org/10.1038/
s41577-018-0110-7.

Rangachari M, Zhu C, Sakuishi K, et al. Bat3 promotes T cell re-
sponses and autoimmunity by repressing Tim-3-mediated cell
death and exhaustion. Nat Med. 2012;18(9):1394-1400. https://
doi.org/10.1038/nm.2871.

He W, Zhang H, Han F, et al. CD155T/TIGIT signaling regulates
CD8(+) T-cell metabolism and promotes tumor progression in
human gastric cancer. Cancer Res. 2017;77(22):6375-6388. https
://doi.org/10.1158/0008-5472.CAN-17-0381.

Maruhashi T, Okazaki IM, Sugiura D, et al. LAG-3 inhibits
the activation of CD4+ T cells that recognize stable pMHCII
through its conformation-dependent recognition of pMHCII.
Nat Immunol. 2018;19(12):1415-1426. https://doi.org/10.1038/
s41590-018-0217-9.

LiQ, Schacker T, Carlis J, Beilman G, Nguyen P, Haase AT. Functional
genomic analysis of the response of HIV-1-infected lymphatic tis-
sue to antiretroviral therapy. J Infect Dis. 2004;189(4):572-582.
https://doi.org/10.1086/381396.

Eisele E, Siliciano RF. Redefining the viral reservoirs that prevent
hiv-1 eradication. Immunity. 2012;37(3):377-388. https://doi.
org/10.1016/j.immuni.2012.08.010.

Pallikkuth S, Fischl MA, Pahwa S. Combination antiretroviral
therapy with raltegravir leads to rapid immunologic reconsti-
tution in treatment-naive patients with chronic HIV infection.
J Infect Dis. 2013;208(10):1613-1623. https://doi.org/10.1093/
infdis/jit387..

Serrano-Villar S, Sainz T, Lee SA, et al. HIV-Infected Individuals
with low CD4/CD8 ratio despite effective antiretroviral ther-
apy exhibit altered T cell subsets, heightened CD8+ T Cell acti-
vation, and increased risk of non-AIDS morbidity and mortality.
PLoS Pathog. 2014;10(5):e1004078. https://doi.org/10.1371/journ
al.ppat.1004078.

Harari A, Petitpierre S, Vallelian F, Pantaleo G. Skewed represen-
tation of functionally distinct populations of virus-specific CD4 T
cells in HIV-1-infected subjects with progressive disease: changes
after antiretroviral therapy. Blood. 2004;103(3):966-972. https://
doi.org/10.1182/blood-2003-04-1203.

Rehr M, Cahenzli J, Haas A, et al. Emergence of polyfunctional
CD8+ T cells after prolonged suppression of human immuno-
deficiency virus replication by antiretroviral therapy. J Virol.
2008;82(7):3391-3404. https://doi.org/10.1128/JV1.02383-07.
Hurst J, Hoffmann M, Pace M, et al. Immunological biomarkers
predict HIV-1 viral rebound after treatment interruption. Nat
Commun. 2015;6(1): https://doi.org/10.1038/ncomms9495.

Jain V, Hartogensis W, Bacchetti P, et al. Antiretroviral ther-
apy initiated within 6 months of hiv infection is associated with
lower T-cell activation and smaller hiv reservoir size. J Infect Dis.
2013;208(8):1202-1211. https://doi.org/10.1093/infdis/jit311.
Laanani M, Ghosn J, Essat A, et al. Impact of the timing of ini-
tiation of antiretroviral therapy during primary HIV-1 infec-
tion on the decay of cell-associated HIV-DNA. Clin Infect Dis.
2015;60(11):1715-1721. https://doi.org/10.1093/cid/civi71..
Archin NM, Vaidya NK, Kuruc JD, et al. Inmediate antiviral ther-
apy appears to restrict resting CD4+ cell HIV-1 infection without
accelerating the decay of latent infection. Proc Natl Acad Sci USA.
2012;109(24):9523-9528.  https://doi.org/10.1073/pnas.11202
48109.

Sereti |, Krebs SJ, Phanuphak N, et al. Persistent, albeit reduced,
chronic inflammation in persons starting antiretroviral therapy in
acute HIV infection. Clin Infect Dis. 2017;64(2):124-131. https://
doi.org/10.1093/cid/ciwé83.


https://doi.org/10.1371/journal.pone.0063818
https://doi.org/10.1371/journal.pone.0063818
https://doi.org/10.1073/pnas.1312772110
https://doi.org/10.1111/cas.13654
https://doi.org/10.1016/j.humimm.2011.07.308
https://doi.org/10.1016/j.humimm.2011.07.308
https://doi.org/10.1084/jem.20112741
https://doi.org/10.1084/jem.20112741
https://doi.org/10.3389/fimmu.2016.00076
https://doi.org/10.3389/fimmu.2016.00076
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1038/ni0702-611
https://doi.org/10.1128/MCB.25.21.9543-9553.2005
https://doi.org/10.1128/MCB.25.21.9543-9553.2005
https://doi.org/10.1126/scisignal.2002796
https://doi.org/10.1126/scisignal.2002796
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1126/science.aaf0683
https://doi.org/10.1126/science.aaf0683
https://doi.org/10.1084/jem.20182359
https://doi.org/10.1084/jem.20182359
https://doi.org/10.1038/s41577-018-0110-7
https://doi.org/10.1038/s41577-018-0110-7
https://doi.org/10.1038/s41577-018-0110-7
https://doi.org/10.1038/nm.2871
https://doi.org/10.1038/nm.2871
https://doi.org/10.1158/0008-5472.CAN-17-0381
https://doi.org/10.1158/0008-5472.CAN-17-0381
https://doi.org/10.1038/s41590-018-0217-9
https://doi.org/10.1038/s41590-018-0217-9
https://doi.org/10.1086/381396
https://doi.org/10.1016/j.immuni.2012.08.010
https://doi.org/10.1016/j.immuni.2012.08.010
https://doi.org/10.1093/infdis/jit387
https://doi.org/10.1093/infdis/jit387
https://doi.org/10.1371/journal.ppat.1004078
https://doi.org/10.1371/journal.ppat.1004078
https://doi.org/10.1182/blood-2003-04-1203
https://doi.org/10.1182/blood-2003-04-1203
https://doi.org/10.1128/JVI.02383-07
https://doi.org/10.1038/ncomms9495
https://doi.org/10.1093/infdis/jit311
https://doi.org/10.1093/cid/civ171
https://doi.org/10.1073/pnas.1120248109
https://doi.org/10.1073/pnas.1120248109
https://doi.org/10.1093/cid/ciw683
https://doi.org/10.1093/cid/ciw683

FENWICK ET AL

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Rajasuriar R, Wright E, Lewin SR. Impact of antiretroviral ther-
apy (ART) timing on chronic immune activation/inflammation and
end-organ damage. Curr Opin HIV AIDS. 2015;10(1):35-42. https://
doi.org/10.1097/COH.0000000000000118.

Chomont N, El-Far M, Ancuta P, et al. HIV reservoir size and per-
sistence are driven by T cell survival and homeostatic proliferation.
Nat Med. 2009;15(8):893-900. https://doi.org/10.1038/nm.1972.
Perreau M, Savoye AL, De Crignis E, et al. Follicular helper T cells
serve as the major CD4 T cell compartment for HIV-1 infection,
replication, and production. J Exp Med. 2013;210(1):143-156. https
://doi.org/10.1084/jem.20121932.

Hatano H, Scherzer R, WuY, et al. Arandomized controlled trial assess-
ing the effects of raltegravir intensification on endothelial function in
treated hiv infection. J Acquir Inmune Defic Syndr. 2012;61(3):317-
325. https://doi.org/10.1097/QAI.0b013e31826e7dOf.

Cockerham LR, Jain V, Sinclair E, et al. Programmed death-1 ex-
pression on CD4+ and CD8+ T cells in treated and untreated HIV
disease. AIDS. 2014;28(12):1749-1758. https://doi.org/10.1097/
QAD.0000000000000314.

Khoury G, Fromentin R, Solomon A, et al. Human immunodefi-
ciency virus persistence and T-cell activation in blood, rectal, and
lymph node tissue in human immunodeficiency virus-infected in-
dividuals receiving suppressive antiretroviral therapy. J Infect Dis.
2017;215(6):911-919. https://doi.org/10.1093/infdis/jix039.
Banga R, Procopio FA, Noto A, et al. PD-1+ and follicular helper T cells are
responsible for persistent HIV-1 transcription in treated aviremic individ-
uals. Nat Med. 2016;22(7):754-761. https://doi.org/10.1038/nm.4113.
Fromentin R, Bakeman W, Lawani MB, et al. CD4+ T Cells Expressing
PD-1, TIGIT and LAG-3 Contribute to HIV persistence during ART.
PLoS Pathog. 2016;12(7):e1005761. https:/doi.org/10.1371/journ
al.ppat.1005761.

Evans VA, van der Sluis RM, Solomon A, et al. Programmed cell
death-1 contributes to the establishment and maintenance
of HIV-1 latency. AIDS. 2018;32(11):1491-1497. https://doi.
org/10.1097/QAD.0000000000001849.

Banga R, Rebecchini C, Procopio FA, et al. Lymph node migra-
tory dendritic cells modulate HIV-1 transcription through PD-1
engagement. PLoS Pathog. 2019;15(7):e1007918. https://doi.
org/10.1371/journal.ppat.1007918

Guihot A, Marcelin AG, Massiani MA, et al. Drastic decrease of the HIV
reservoir in a patient treated with nivolumab for lung cancer. Ann Oncol.
2018;29(2):517-518. https:/doi.org/10.1093/annonc/mdx696.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Immunological Reviews %% LEY-

Le Garff G, Samri A, Lambert-Niclot S, et al. Transient HIV-specific
T cells increase and inflammation in an HIV-infected patient
treated with nivolumab. AIDS. 2017;31(7):1048-1051. https://doi.
org/10.1097/QAD.0000000000001429.

Wightman F, Solomon A, Kumar SS, et al. Effect of ipilimumab on
the HIV reservoir in an HIV-infected individual with metastatic
melanoma. AIDS. 2015;29(4):504-506. https://doi.org/10.1097/
QAD.0000000000000562.

Mellman |, Coukos G, Dranoff G. Cancer immunotherapy comes of
age. Nature. 2011;480(7378):480-489. https://doi.org/10.1038/
nature1l0673.

Sharma P, Allison JP. The future of immune checkpoint therapy.
Science. 2015;348(6230):56-61. https://doi.org/10.1126/scien
ce.aaa8172.

Callahan MK, Postow MA, Wolchok JD. Targeting T cell co-recep-
tors for cancer therapy. Immunity. 2016;44(5):1069-1078. https://
doi.org/10.1016/j.immuni.2016.04.023.

Velu V, Titanji K, Zhu B, et al. Enhancing SIV-specific immunity in
vivo by PD-1 blockade. Nature. 2009;458(7235):206-210. https://
doi.org/10.1038/nature07662.

Mylvaganam GH, Chea LS, Tharp GK, et al. Combination anti-PD-1
and antiretroviral therapy provides therapeutic benefit against SIV.
JCl Insight. 2018;3(18): https://doi.org/10.1172/jci.insight.122940.
Connick E, Mattila T, Folkvord JM, et al. CTL fail to accumu-
late at sites of HIV-1 replication in lymphoid tissue. J Immunol.
2007;178(11):6975-6983.

Fukazawa Y, Lum R, Okoye AA, et al. B cell follicle sanctuary per-
mits persistent productive simian immunodeficiency virus infec-
tion in elite controllers. Nat Med. 2015;21(2):132-139. https://doi.
org/10.1038/nm.3781.

Riddler SA, Zheng L, Durand CM, et al. Randomized clinical trial
to assess the impact of the broadly neutralizing HIV-1 monoclonal
antibody VRCO1 on HIV-1 persistence in individuals on effective
ART. Open Forum Infect Dis. 2018;5(10): https://doi.org/10.1093/
ofid/ofy242.

How to cite this article: Fenwick C, Joo V, Jacquier P, et al.

T-cell exhaustion in HIV infection. Immunol Rev.
2019;292:149-163. https://doi.org/10.1111/imr.12823



https://doi.org/10.1097/COH.0000000000000118
https://doi.org/10.1097/COH.0000000000000118
https://doi.org/10.1038/nm.1972
https://doi.org/10.1084/jem.20121932
https://doi.org/10.1084/jem.20121932
https://doi.org/10.1097/QAI.0b013e31826e7d0f
https://doi.org/10.1097/QAD.0000000000000314
https://doi.org/10.1097/QAD.0000000000000314
https://doi.org/10.1093/infdis/jix039
https://doi.org/10.1038/nm.4113
https://doi.org/10.1371/journal.ppat.1005761
https://doi.org/10.1371/journal.ppat.1005761
https://doi.org/10.1097/QAD.0000000000001849
https://doi.org/10.1097/QAD.0000000000001849
https://doi.org/10.1371/journal.ppat.1007918
https://doi.org/10.1371/journal.ppat.1007918
https://doi.org/10.1093/annonc/mdx696
https://doi.org/10.1097/QAD.0000000000001429
https://doi.org/10.1097/QAD.0000000000001429
https://doi.org/10.1097/QAD.0000000000000562
https://doi.org/10.1097/QAD.0000000000000562
https://doi.org/10.1038/nature10673
https://doi.org/10.1038/nature10673
https://doi.org/10.1126/science.aaa8172
https://doi.org/10.1126/science.aaa8172
https://doi.org/10.1016/j.immuni.2016.04.023
https://doi.org/10.1016/j.immuni.2016.04.023
https://doi.org/10.1038/nature07662
https://doi.org/10.1038/nature07662
https://doi.org/10.1172/jci.insight.122940
https://doi.org/10.1038/nm.3781
https://doi.org/10.1038/nm.3781
https://doi.org/10.1093/ofid/ofy242
https://doi.org/10.1093/ofid/ofy242
https://doi.org/10.1111/imr.12823

An Alternative Fc-mediated Mechanism of Regulating PD-1
Expression in Anti-PD-1 Therapy
(manuscriptin preparation)
Abstract

Therapeutic monoclonal antibodies (mADb) targeting the immune checkpoint inhibitor programmed cell
death protein 1 (PD-1) have achieved considerable clinical success in anti-cancer therapy through
relieving T cell exhaustion. Blockade of PD-1 interaction with its ligands PD-L1 and PD-L2 is an
important determinant in potentiating the antigen specific activation of exhausted T cells. However,
here we show that anti-PD-1 Abs act through an alternative antagonistic mechanism leading to the
downregulation of PD-1 expression on memory CD4* and CD8* T cells. PD-1 receptor downregulation
and internalization occur through distinct processes whereby the presence of CD14+ monocytes are
necessary for the mAb mediated PD-1 downregulation on T cells but not for PD-1 antibody
internalization. Furthermore, we show that CD64 or Fc gamma receptor 1 on monocytes acts as the
primary determinant for this T cell extrinsic process. Our studies show a novel route for reducing cell
surface level of PD-1 that may represent an unrecognized element in relieving T exhaustion that can
influence the efficacy of anti-PD-1 Ab and restore T cell functionality in cancer immunotherapy.

Introduction

In recent years, anti-PD-1 monoclonal antibodies have become a conventional line of immunotherapy
in the successful treatment of numerous advanced cancer malignancies. Antibodies targeting the PD1-
PDL1 interaction have now been approved as first-line/ second-line therapies for melanoma,
lymphomas, lung cancers, bladder cancer, gastroesophageal cancer, head and neck squamous cell
cancer, renal cell cancer, and liver cancer [1]. Despite the promising success in initial treatment
responses, a large proportion of patients are either unresponsive or partially responsive and can acquire
primary and/or secondary resistance to PD-1 therapy while only a fraction achieve complete responses
from PD-1therapy [2]. Immune suppression within the tumor microenvironment, the phenotype of local
immune cell populations, the degree of T cell infiltration, and levels of tumor inflammation are all
contributing elements that can affect the efficacy of anti-PD-1 therapy [3]. Therefore, more work is
needed to better understand the key T cell intrinsic and extrinsic components that promote a beneficial
clinical response to anti-PD-1 therapy.

The primary inhibitory mechanism of PD-1 is contingent on its recruitment of SHP2 and the following
SHP2 mediated dephosphorylation of an activated TCR and CD28 receptor. Specifically, anti-PD-1
antibodies have been shown to impart a restorative effect mainly through the CD28 costimulatory
pathway and its downstream mediators in a number of studies [4-7]. Furthermore, countless studies
have also shown that anti-PD-1 therapies increase cytokine production and proliferative capacities in
memory T cells, described as rescue or reinvigoration from T cell exhaustion [5, 6, 8, 9].

Despite these significant advances in elucidating the mechanism of action of anti-PD-1 therapy on
restoring functional T cell responses, the trajectory of bound PD-1 antibody-receptor complex and its
effect on surface expression of PD-1 in memory T cells has yet to be fully understood. A number of
studies have sought to address the spatial localization and transport of PD-1 receptor itself. The paper
by Meng, X. et al [10] reported that upregulated PD-1 was internalized, K48-ubiquintinated, and
degraded by the proteasome after activation with PHA in a Jurkat cell line. In the paper by Bricogne,
C.etal [11], surface PD-1wasshown to be shed in ectosomes and regulated by TMEMZ16F ion channels
in the presence of ionomycin treatment on PD-1-GFP expressing Jurkats. In addition, an early study
[12] showed that 3-day OVA peptide stimulated OT-II cells were shown to have the PD-1 receptor
localized in endosomal compartments proximal to Golgi matrix proteins and were coexpressed with the
trans-Golgi network while absent from recycling endosomes or lysosomes. While a clear agreement on
the internalization or transport route of the PD-1 receptor has not been reached, another question



remains if bound PD-1 antibodies affect internalization of PD-1 receptor within the same transport
pathways and furthermore, if any potential Fc-dependent mechanisms occur on bound PD-1 antibodies.

The 1gG4 subclass in commercially approved PD-1 antibodies such as pembrolizumab (Keytruda®)
and nivolumab (Opdivo®) is known to have minimal Fcy receptor (FcyR) binding which abrogates
antibody-mediated interactions such as antibody-dependent cell-mediated cytotoxicity (ADCC) and
antibody-dependent cell-mediated phagocytosis (ADCP) in comparison to the more clinically
predominant 1gG1 subclass of typical monoclonal antibody therapies. In addition, the C1q binding site
is disrupted in the 1gG4 Cx2 domain BC and FG loops, resulting in the inhibition of complement
dependent cytotoxicity (CDC) [13]. These intrinsic, non-activating characteristics of 1gG4 antibodies
are currently being utilized or investigated for the blocking/ neutralization of antigens without
engagement of host Fc effector functions [14-16]. However, it has been well established that 1gG4
antibodies are not completely safeguarded from FcyR binding and will bind under high avidity or
aggregation conditions with high affinity to FcyRIl (CD64) and to a lesser degree, FcyRI1A (CD32a),
FcyRIIB (CD32b), and FcyRITIA (CD16a) [17]. Specifically, the high affinity Fc receptor CD64 was
previously believed to be constitutively saturated with monomeric antibodies from the serum, thereby
outcompeting binding with monoclonal antibody therapies. However, it is now known that 1gG4
antibodies that are complexed or opsonized can bind CD64 with a binding affinity on the same order of
magnitudeas 1gG1 and IgG3 antibodies [18]. Moreover, inside-out-signaling has been shown for CD64,
whereby activation by local cytokines/ chemokines induces ITAM phosphorylation on the y-chain,
FcyR clustering, cytoskeletal rearrangement, and conformational changes which amplifies the 1gG4
binding avidity [19, 20].

Recent studies have implicated the engagement of several, different FcyRs with mouse and human anti-
PD-1 antibodies as a means of tumor resistance, emphasizing the role that anti-PD-1 Fc-FcR
crosslinking interactions may have for therapeutic outcomes [21-23]. Furthermore, a non-blocking
antibody to PD-1 was able to promote T cell proliferation, cytokine production, and tumor clearance
[6], indicating that other antagonistic interactions are involved beyond the blockade of ligand binding
site and that further investigation is warranted on these alternative mechanisms.

Here, using primary T cells, we investigated two pharmacologic mechanisms inherent to monoclonal
antibody studies: antibody internalization as well as the surface downregulation of its target PD-1
receptor. We utilized commercial blocking anti-PD-1-1gG4 antibodies pembrolizumab and nivolumab
as well as NBO1, a novel non-blocking antagonistic anti-PD-1-1gG4 antibody that binds on the opposite
face of the PD-1-PD-L1 interaction site. We sought to investigate whether PD-1 antibodies functioned
differently based on their binding site and whether the combination of blocking and non-blocking PD-
1 antibodies produced an additive effect. Furthermore, we investigated whether the different PD-1
antibodieswere capable of downregulating surface PD-1 levelsand the mechanisms that were involved.
Our results confirm that anti-PD-1 therapies are internalized in PD-1* memory T cells at a fixed rate
but the downregulation of surface PD-1 receptor is dependent on the presence of CD14* HLA-DR*
monocytes. In addition, the frequency of monocytes in PBMCs proved to be a reliable indicator for the
effect of PD-1 downregulation and antibody-FcyR interactions were mediated primarily through CD64.

Results

Surface PD-1 downregulation observed in exhausted memory T cells from HIV infected donors
when treated with anti-PD-1 antibodies

In our preliminary observations, PBMCs isolated from chronically infected HI\VV+ donors were treated
with various anti-PD-1-1gG4 antibodies (pembrolizumab, NB01, or pembrolizumab + NBO1) in order
to evaluate any intrinsic immunomodulatory effects on exhausted memory CD4 and CD8 T cells. Due
to the physiologically high expression of the PD-1 receptor on memory T cells in chronically infected
donors, we were able to assess the changes in surface PD-1 levels when samples were treated with
antibodies over a period of days (Figure 1A, B). We observed that PD-1 expression was gradually
reduced from steady state when treated with all three antibody conditions, the greatest effect seen with



the combination therapy. Combination therapy with pembrolizumab and NBO1 significantly reduced
surface PD-1 levels after 6 hours of incubation while all three antibody conditions were significantly
decreased by the 24-hour time point in comparison to the 1gG4 control.

Furthermore, PD-1 surface expression steadily dropped for the following days before plateauing to
approximately 18% surface expression on both memory CD4 and CD8 for the combination therapy,
representing over a 71% decrease from baseline (Figure 1C). Separately, pembrolizumab reached to
61% decrease in PD-1 expression and NBO1 was seen as a 50% decrease compared to the 1gG4 control
by 72 hours. While anti-PD-1 antibodies were effective in reducing the overall expression of PD-1, a
complete abrogation of PD-1 expression did not occur. Furthermore, total memory CD4 and CD8 T
cells frequencies as well as the proportion of live CD3* cells remained steady across antibody
conditions, confirming that the depletion of PD-1 expressing T cells was not a factor for PD-1 receptor
downregulation (Supplemental). The addition of anti-PD-L1 in parallel with pembrolizumab or 1gG4
control had no impact on the downregulation of PD-1 expression, which validated that the blockade of
PD-1-PD-L1 interaction was not a contributing factor in the decline of PD-1 surface expression on
memory T cells (Supplemental).

Surface PD-1 downregulation Kinetics occurs at a slower rate than PD-1 antibody internalization
and requires the presence of effector cells within the PBMC composition

In order to determine if antibody induced surface PD-1 downregulation was related to the internalization
of antibody-receptor complex, we used pHrodo fluorophores conjugated to antibodies to quantify the
total amount of endocytosed anti-PD-1 antibodies. The pHrodo compound acts as a pH indicator,
remaining undetectable with low background at neutral pH and increasing in fluorescence as acidity in
its immediate environment increases. pHrodo conjugation was performed on pembrolizumab, NBOL,
nivolumab, and 1gG4 isotype control antibodies and the conjugated antibodies performed similarly to
their respective unconjugated antibody formats in terms of PD-1 downregulation (data not shown).

We measured surface PD-1 downregulation and PD-1 antibody internalization simultaneously by flow
cytometry, looking at earlier time-points due to the fact that endocytotic events are typically rapidly
induced and occur within minutes to hours. We also compared two cell type compositions, total PBMCs
and purified T cells, to see if either the downregulation and/or internalization was T cell intrinsic or
required the help of bystander effector cells. Kinetic rates of PD-1 antibody internalization and surface
PD-1 downregulation were measured by linear regression analysis.

Within the first hour, the PD-1 antibodies did not show major increases in the total amount of
internalized antibody compared to the 1gG4 control (Figure 2B). However, from 3-6 hours, all three
PD-1 antibodies were significantly internalized in memory CD4 and CD8 and a clear divergence was
shown between the PD-1 antibodies, with NBO1 having the highest total amount internalized followed
by pembrolizumab and nivolumab. The rate of internalization per hour for each antibody condition in
total PBMC conditions: NBO1 3.4% and 8.0%, pembrolizumab 2.3% and 4.8%, and nivolumab 1.6%
and 4.5% for memory CD4 and CD8, respectively (Figure 2D). Isolation of T cells also showed a small,
significant increase in the rate of internalization for memory CD8. However, the total PBMC and
purified T cell compositions did not show any significant differences in the total amount of internalized
PD-1 antibody, which verified that memory CD4 and CD8 were internalizing bound anti-PD-1
antibody, independent of the presence of other cell populations.

In contrast, surface PD-1 downregulation showed that pembrolizumab and nivolumab had a greater
effect in reducing surface PD-1 levels while NBO1 was less effective than the two. The rate of surface
PD-1 downregulation per hour for each antibody condition intotal PBMC conditions: NBO1 -1.4% and
-3.9%, pembrolizumab -2.1% and -4.9%, nivolumab -2.2% and -4.8% for memory CD4 and CD8,
respectively (Figure 2D). Furthermore, the total PBMC condition was able to downregulate surface PD-
1 as seen before but purified T cells were severely obstructed in downregulating PD-1 for all three anti-
PD-1 antibodies, indicating that an effector population was necessary for the downregulation effect and
was removed upon the isolation of CD3* T cells.



Finally, we visually inspected the quantity of internalized antibody-vesiclesin CD3* T cells by confocal
microscopy after 6 hours (Figure 2F). The increased antibody internalization for NBO1 antibody that
was previously observed by flow cytometry was shown as more vesicles per PD-1* CD3* T cells
compared to pembrolizumab.

Inhibition of dynamin and actin mobilization prevents both surface PD-1 downregulation and
PD-1 antibody internalization in memory T cells while dasatinib selectively impairs monocyte
FcyR cross-linking of T cell bound PD-1 antibodies

We next sought to determine the pathways involved in surface PD-1 downregulation and used a diverse
panel of chemical inhibitors targeting endocytosis, actin mobilization, protein degradation, and
transport pathways (Figure 3a). Inhibition of dynamin mediated endocytosis (dyngo4a) as well as actin
mobility (cytochalasin D, CK666, rhosin) and lysosomal activity (bafilomycin A) were all shown to
prevent antibody induced surface PD-1 downregulation. Protein synthesis inhibitor cycloheximide was
also shown to inhibit PD-1 downregulation, which can be attributed to pleiotropic effects on cytoskeletal
rearrangement. Proteosomal degradation, which was inhibited by MG132, has recently been described
as the physiological route for PD-1 receptor turnover [10]. In our experiments, we observed that the
inhibition of proteasome had an insignificant impact on anti-PD-1 mediated downregulation. This
indicated that the homeostatic PD-1 receptor turnover in the absence of antibody and PD-1 receptor
downregulation in the presence of bound antibodies were controlled by distinct processes.

Broad MMP inhibitionwith EDTA, exosome secretion inhibition with GW4869, mTOR inhibition with
rapamycin, and protein transport inhibition with monensin or brefeldin A had a non-significant or no
effect on surface PD-1 downregulation. Finally, we found that SFK inhibitors dasatinib and PP1 as well
as 3-MA, an autophagy inhibitor, were able to prevent PD-1 downregulation on memory T cells.

We further investigated six of these inhibitory compounds (rhosin, dyngo4a, CK666, 3-MA, dasatinib)
that were able to significantly inhibit surface PD-1 downregulation to validate their effects on PD-1
downregulation and PD-1 antibody internalization in tandem. Here, we observed that rhosin, dyngo4a,
and CK666 were able to effectively prevent both PD-1 antibody internalization and PD-1
downregulation in the memory T cell populations (Figure 3b). On the other hand, dasatinib and 3-MA
inhibited surface downregulation of PD-1 but had no inhibitory effect on the internalization of PD-1
antibody and rather slightly increased the total amount of internalized PD-1 antibody in T cells
compared to the no inhibitor control.

We selected dasatinib for further investigation on different PBMC subsets (memory CD4, memory
CD8, B cells, NK cells, monocytes, and dendritic cells) in a pulse-chase experiment using pHrodo-
conjugated PD-1 antibodies preloaded onto T cells and the supernatant replaced with their respective
unlabeled antibodies. The cross-linking of immune complexes and FcR produces endocytic/phagocytic
responses that require the recruitment of Src kinases and activation of Syk in myeloid and granulocytic
cells. [24-26] Dasatinib, which was initially designed as a kinase inhibitor against Bcr-Abl for myeloid
leukemiaand gastrointestinal stromal tumors, isknown to have awide range of targets within Src family
kinases (SFK) and inhibits FcR function [27-29].

In untreated PBMC, the amount of internalized PD-1 antibodies was found to be the highest in the
monocyte population (HLA-DR* CD14* CD11b"), indicating that this was likely the main effector
population responsible for the removal of PD-1 antibody bound on memory T cells (Figure 3D). We
also found that B cells (CD19*) and to a small degree, dendritic cells (Lin- CD14- HLA-DR*) were also
involved in the adsorption and internalization of T cell bound PD-1 antibody. With the dasatinib
treatment, only monocyte mediated PD-1 antibody transfer and internalization was drastically reduced
and represented the highest proportional loss, signifying that the increased levels of PD-1 surface
expression on memory T cells under dasatinib were due to the inhibition of monocytic activity in
antibody uptake and likely to be the main effector population.



Antibody mediated PD-1 downregulation requires the presence of monocytes and is mediated by
the binding of PD-1 antibody Fc domain with Fc receptor CD64

Given that the PBMC subsets that uptake PD-1 antibodies have high expression of Fc receptors, we
next asked if the interaction of surface PD-1 downregulation was contingent on availability of Fc
receptors for binding the Fc domain of the PD-1 antibodies. We found that FcyR blockade in the
presence of PD-1 antibodies had no impact on the internalization of PD-1 antibodies in memory T cells
(Figure 4A). On the other hand, FcyR blockade had a drastic effect on the downregulation of surface
PD-1 for all three antibody conditions, demonstrating that the activity of FcyR interaction is necessary
to observe PD-1 downregulation on memory T cells.

Next, we performed the PD-1 downregulation experiment over daysusing total PBMC, purified T cells,
and purified T cells reconstituted with their autologous CD3- or CD14* fractions at a 5:1 ratio. Purified
T cells did not have a significant reduction in surface PD-1 expression compared to its 1gG4 control
throughout the time course; however, reconstitution of autologous populations brought downregulation
Kinetics to similar levels as the PBMC control, verifying that effector PBMC subsets in CD3- or CD14*
fractions were necessary for PD-1 surface downregulation (Figure 4C).

We also checked in ten HIVV* donors for the percent downregulation of surface PD-1 under anti-PD-1
treatment compared against the relative frequencies of different PBMC subsets. While some
correlations were observed in dendritic cells (r = 0.467, p =n.s.) and B cells (r = -0.532, p =n.s.), only
the frequencies of monocytes were significantly correlated with surface PD-1 downregulation (r =
0.777, p<0.01) after 24 hours (Figure 4D).

We used transfected 293T cells expressing CD32, CD64, CD32 + CD64, or empty vector control and
cocultured with primary T cells to distinguish the Fc receptor responsible for PD-1 downregulation. We
observed that both CD32 and CD64 strongly reduced PD-1 levels on memory T cells; however, CD64
alone had a more pronounced effect on PD-1 levels which were significantly lower than the CD32
alone (Figure 4E). The co-transfection of CD32 and CD64 did not augment the downregulation effect
in comparison to CD64 alone, indicating that CD64 alone represented the bulk of this interaction. We
also checked for CD16a activity using a stable transfected Jurkat cell line but this Fc receptor did not
have any impact on PD-1 downregulation (Supplemental). Lastly, we verified whether ADCP was a
factor in the downregulation of PD-1 in memory T cells by using autologous monocytes and
differentiated macrophages. None of the anti-PD-1 antibodies increased the proportion of phagocytosed
T cells compared to the 1gG4 control (Supplemental).

FcR-mediated anti-PD-1 downregulation enhances CD8 proliferation under antigen-specific
stimulation

We next addressed the functionality of PD-1 downregulation under antigen-specific conditions. F(ab’)2
variants of pembrolizumab and NBO1 were generated to make antibodies that retained antigen binding
sites but lacked Fc effector binding. In a six day stimulation experiment using pooled Gag peptides,
significantly higher proliferation was observed for all standard antibody conditions in memory CD8
compared to their respective F(ab’)2 variants (Figure 5B). All 3 full antibody conditions as well as
combination of pembrolizumab F(ab”). + NBO1 F(ab”)2 were significantly increased in proliferation
compared to the peptide + IgG4 control while pembrolizumab F(ab’)2 nor NBO1 F(ab”)2 was not
significantly increased. Furthermore, PD-1 expression was significantly decreased when using the
standard format of the PD-1 antibodies compared to their their respective F(ab’)2 variants. Of note, the
PD-1 F(ab’). antibodies individually and in combination were able to significantly reduce PD-1
expression compared to the control but to a much lesser degree than the full antibodies. The lower total
availability of PD-1 receptor during antigenic stimulation is likely to drive the increased proliferative
capacities of exhausted PD-1* CD8 T cells. Given that the anti-PD-1 F(ab’). antibodies were unable to
efficiently reduce PD-1 expression, their impact on antigen-specific CD8 proliferation was shown to be
reduced compared to their respective full antibodies.



Discussion

Inthis study, we have shown that PD-1 antibody internalization and PD-1 surface downregulation occur
as distinct processes. To our knowledge, this is the first reported study showing primary human T cells
engaging in the active internalization of anti-PD-1 antibodies. We also showed that the standard 1gG4
format of anti-PD-1 antibodies is necessary to engage Fc receptors on monocytes and that the
downregulation of PD-1 has a distinct effect in restoring T cell functionality, regardless of receptor
blockade.

The internalization of anti-PD-1 antibodies in memory T cells was shown to be more rapidly induced
and occurred regardless of the composition of its surrounding cellsin a T cell intrinsic process. While
antibody internalization could possibly be attributed to inherent surface PD-1 turnover, we did not
observe any increases in surface PD-1 expression with MG132 inhibition of the proteasome compared
to the no inhibitor control, indicating that proteasomal receptor degradation was not a factor in
regulating PD-1 surface expression. This was in contrast with a previous report that showed PD-1
surface expression increasing when the proteasomal degradation pathway was blocked [10]. However,
the regulation of activation induced PD-1 expression under stimulation conditions compared to the PD-
1 exhaustion profile acquired in vivo in the course of chronic viral infection that we used in this study
may explain this disparity.. Furthermore, when memory T cells were treated with bafilomycin A, we
saw an increase in surface PD-1 expression, which indicated that anti-PD-1 antibody binding directed
the lysosomal degradation of the PD-1 receptor.

The downregulation of total surface PD-1 expression in memory T cells occurred more slowly, reaching
its peak at 24-48 hours and required the presence of Fc receptor expressing cells. Monocytes were
shown to be the cell subset with the highest impact for the PD-1 downregulation effect within the PBMC
composition and increased monocyte frequencies positively correlated with the degree of surface PD-1
downregulation. Numerous studies have shown that with monoclonal antibody therapies targeted
against CD4, CD20, CD25, CD38, HER2, CTLA-4, PD-1, and PD-L1, FcyR-expressing effector cells
such as monocytes, macrophages, and granulocytes imparted a significant effect onto target cells by the
crosslinking of the Fc domain of target antibody bound to its antigen and an FcyR in trans [23, 30-36].
Above all, the effects of anti-CD20 antibodies on downregulating surface CD20 expression has been
heavily investigated over the past decade. The recent paper by Dahal, L. et al showed that the
internalization and the downregulation of anti-CD20 antibodies occurred as separate processes whereby
the downregulation of anti-CD20 on opsonized B cells occurred as a byproduct of phagocytotic events
by macrophages in conditions where phagocytic capacity was inhibited due to bead uptake and
saturation [37]. Moreover, the authors found that obinutuzmab, a type 11 anti-CD20 antibody with low
internalization capacity, had increased receptor downregulation in primary CLL samples mediated by
monocyte-derived macrophages. The culmination of these reports show that antibody mediated receptor
downregulation represents an underappreciated but consistently observed effect that has the potential
to dictate the outcomes in mAb therapies.

In our work, we have clearly shown that the availability of FcyR binding was critical in observing PD-
1 downregulation as shown by the FcyR blockade experiments. Additionally, the transfection studies
revealed that the FcyR CD64 was primarily responsible for producing this effect. CD64 expression is
mainly expressed on monocytes/macrophages and monocyte-derived DCs while inducible in
neutrophils, eosinophils, and mast cells and therefore, the likely mediators of this interaction by
homeostatic abundance would be the monocytic population [38]. In the work by Kreig, C, et al., higher
frequencies of CD14+ CD16- HLA-DR* CD64* monocytes were shown to be a positive indicator for
anti-tumor responses in anti-PD-1 therapy measured by progression-free survival and overall survival
in responders compared to non-responders in stage 1V melanoma [39]. While the authors did not
conclude on the mechanism that drove this finding, we believe that antibody induced PD-1
downregulation linked with higher monocytic frequencies may play a role in this observation.



We also showed that CD32a was capable of inducing downregulation but the effects were significantly
lower in comparison to CD64. CD32a has been previously implicated in other studies to mediate
downregulation of anti-CD20 bound surface receptors, in particular, by neutrophils which constitutively
express high levels of CD32a and CD16b [40, 41]. Within physiological conditions, neutrophils are
likely to play a role in downregulating surface receptors bound by antibodies as well.

There are reports that show that PD-1 antibodies are affected by Fc-FcyR interactions and other groups
have evaluated detrimental effects in the functional activity of PD-1 antibodies when engaging Fc
receptors on macrophages within the tumor microenvironment. Lo Russo et. al. showed that Fc-FcR
interactions with nivolumab aided in tumor progression in SCID mice with patient-derived xenografts
from NSLC hyperprogressive patients [21]. Furthermore, Arlauckas and colleagues showed reduced
treatment efficacy with anti-PD-1 transfer and uptake by macrophages in C57BL6/J mice with MC38
murine adenocarcinoma [22]. In both studies, while the specific Fc receptors involved were not clearly
explicated, experiments with Fc receptor blockade or F(ab)2 antibodies showed tumor size reduction in
their in vivo model. This stood in contrast with our results which showed a significantly increased
functional recovery of memory CD8 T cells when using the complete mAb format over its respective
F(ab’)2 variant. A possible explanation for this discrepancy would be the population of macrophages
that make up the tumor microenvironment in an in vivo model. The phenotype of tumor-associated
macrophages (TAM) in the tumor milieu is governed by the presence of cytokines and growth factors
that regulate differential expression levels of CD64 as well as M1/M2 polarization. Increasing levels of
inflammatory IFNy or anti-inflammatory IL-10 have both been shown to drive CD64 expression on
tissue macrophages, which indicates that both anti- and pro-tumorigenic responses can produce effector
myeloid cells capable of downregulating PD-1 expression on T cells [38]. Nonetheless, a higher M1-
/M2-like ratio has been shown for various cancer types to be a predictor for better prognosis [42-44]. A
limitation of our study was the use of an ex vivo system with monocytes as the primary mediator of this
interaction and thereby losing the effect of tumor polarized macrophages and the cytokine composition
of the tumor microenvironment. However, the use of human anti-PD-1 antibodies with human primary
cells in our study represents a simpler yet relevant model to reveal the possible human Fc-FcR
interactions in PD-1 therapy that can be further investigated. We have shown that with antigen-specific
stimulation of memory CD8, FcyR engagement and subsequent downregulation of PD-1 is superior for
driving proliferation than PD-1 binding alone.

Throughout our experiments, we found dasatinib to be an effective inhibitor of monocyte mediated PD-
1 downregulation. This is due to the impairment of FcyR crosslinking functionality regulated by the
inhibition of associated SFK and the ensuing prevention of ITAM phosphorylation on FcyR cytoplasmic
tail [28]. We also found that dasatinib did not affect dynamin-mediated endocytosis as T cell
internalization of PD-1 antibodies remained unperturbed. The use of dasatinib is currently being
investigated in combination with anti-PD-1 therapy in a phase | clinical trial for the targeted repression
of DDR2 with immune checkpoint inhibition in advanced non-small lung cancer [45]. As the presence
of immunosuppressive macrophagesis generally associated with poor prognosis and tumor progression,
the loss of an anti-PD-1 downregulation mechanism and its effector cells may be inconsequential in
comparison to chemotherapeutic targeting of DDR2, which was shown to sensitize cancer cells to anti-
PD-1 therapy and increased CD8* infiltration. However, the role of macrophages within the tumor
microenvironment remains contentious and the depletion of existing anti-tumor macrophages may be
detrimental to controlling tumor burden. A more conciliatory approach would be the reprogramming
TAMs to a more proinflammatory phenotype such as the use of CD40 agonists, anti-MACRO or PI3Ky
antagonists in parallel with anti-PD-1 therapy which would be able to increase anti-tumor effects of
tissue resident macrophages while increasing CD64 expression and mediating PD-1 downregulation
[46, 47].

The results presented in this report show the relevance of an alternative, FCR mediated mechanism by
which PD-1 antibodies can downregulate the expression of PD-1 on memory T cells, regardless of a
ligand blocking interaction. While all PD-1 antibodies tested were able to effectively internalize in
memory T cells, the downregulation of the PD-1 receptor itself was reliant on CD64 expressing
monocytes, leading to implications for the prediction of efficacy in anti-PD-1 therapy. Thus, our



findings emphasize the necessity of understanding the interactions of PD-1 mAb therapy within a
complete immunological setting and further investigations are needed to distinguish the influence of
CD64, other potential FcRs, and the immune cell subsets that express them for PD-1 therapy in clinical
settings.

Materials and Methods

Study samples and cell lines

Twelve HIV+ viremic donors were used throughout in this study. PBMCs were maintained in complete
RPMI (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Biowest), 100
U/ml penicillin (BioConcept), and 100 pg/ml streptomycin (BioConcept). 293T cells were maintained
in DMEM (Invitrogen) supplemented with 10% (v/v) FBS, 100 U/ml penicillin (BioConcept), and 100
ug/ml streptomycin (BioConcept). Cells were kept at 37°C, 5% CO? for the following experiments.

Antibodies and reagents

The following antibodies were used in this study: anti-CD3 (OKT3), anti-CD4 (RPA-T4), anti-CD8
(RPA-TB8), anti-CD45RA (H1100), anti-CD14 (61D3), anti-HLA-DR (G46-6), anti-CD11b, anti-CD56
(HCD56), anti-CD19 (HIB19), anti-CD16 (3G8), anti-CD32 (FUN-2), anti-CD64 (10.1), anti-PD-L1
(29E.2A3). Anti-PD-1 antibodies pembrolizumab (Merck), nivolumab (Bristol-Myers Squibb), and
NBO1 were used for experimental conditions and for the primary staining of PD-1 with their respective
antibody condition. Anti-human IgG Fc secondary antibodies conjugated with Alexa Fluor 594
(Biolegend) or APC (Biolegend) were used for the detection of surface PD-1 expression. Preclinical
grade 1gG4 isotype control (Bingo Bio) was as a negative control for all anti-PD-1 experiments.

pH-sensitive dye conjugation

200 pg of anti-PD-1 antibody or 1gG4 isotype control was concentrated with Amicon® Ultra-0.5 50
kDA spin filter (Millipore) at 12°000 g for 10 minutes. 100 uL of 4 mM TCEP solution (Thermo) was
added to the spin column, mixed by pipetting, and incubated for 30 min at 37°C before washing two
times in PBS and resuspension with PBS at 100uL. 10 mM pHrodo™ Red or pHrodo™ Green
maleimide (Thermo) solution was freshly prepared with DMSO and a 10 molar ratio excess of pHrodo
maleimide was added to the antibody and incubated for 2 hours at 37°C. After conjugation, antibody-
pHrodo mixture was washed four times in PBS and resuspended in 200 uL of PBS followed by filter
sterilization with Ultrafree-MC Centrifugal Filter 0.22 uM (Merck). Protein concentration and degree
of labeling were measured as described in the manufacturer’s protocol. (Thermo)

Surface PD-1 downregulation /antibody internalization assay

PBMCs from selected donorswere thawed and rested overnightat 37°C. PBMCs were then treated with
5 ng/mL with different anti-PD-1 antibodies with or without pHrodo conjugation and 5 pg/mL of 1gG4
isotype control in complete RPMI for hours to days depending on the length of the experiment. Cells
were washed at each time point and stained again with the combination of blocking and non-blocking
anti-PD-1 antibodies to quantify total surface PD-1 before proceeding to extracellular staining for
memory T cells. Internalized PD-1 antibody was measured as fluorescence intensity from pHrodo Red
or Green. All flow cytometry measurements were obtained on BD Fortessa.

T cell isolation was performed with EasySep™ Human T Cell Isolation Kit, CD3- fraction was isolated
from the supernatant after magnetic attachment using the EasySep™ Human CD3 Positive Selection
Kit 11, and the CD14+ fraction was isolated using EasySep™ Human Monocyte Enrichment Kit without
CD16 Depletion kit.

Inhibitors

Chemical compounds selected for inhibiting protein endocytosis, transport, and degradation pathways
were used at the following concentrations: EDTA (100 uM), cycloheximide (5 pg/mL), cytochalasin D
(100 nM), monensin (2 uM), brefeldin A (10ug/mL), rapamycin (1 uM), PP1 (20 uM), dasatinib (1
uM), MG132 (250 nM), CK666 (150 uM), rhosin (200 uM), dyngoda (60 uM), bafilomycin A (500
nM), 3-methyladenine (5mM), GW4869 (5 puM). Inhibitors were titrated for the highest usable



concentration with minimal cytotoxicity in complete RPMI within a 24-hour incubation period for
experiments. PBMCs were pretreated with each inhibitor for 1 hour at 37°C before the addition of anti-
PD-1 antibodies at 5 pg/mL and the continuation of internalization / downregulation experiments for
24 hours with subsequent surface staining followed by flow cytometry.

Confocal microscopy

PBMCs were incubated with pHrodo-PD-1 or pHrodo-1gG4 antibodies for six hours at 37°C. PBMCs
were then stained with anti-CD3-APC for 20 minutes in PBS/ 2% FBS solution. Cells were washed,
resuspended in Live Cell Imaging Solution (Thermo) and transferred to 8-well glass bottom Lab-Tek™
I Chamber Slides (Nunc) coated with poly-L-lysine, then adhered for 30 minutes at 37°C before taken
for microscopy imaging. Confocal images were taken on a Zeiss LSM 880 Airyscan and image analysis
was done with ImageJ.

Pulse-chase experiment with pHrodo-conjugated antibodies

PBMCs were incubated with 5 pg/mL anti-PD-1-pHrodo antibodies for 30 minutes at 4°C in the
presence of Human Trustain FcX block (Biolegend). Cells were washed twice and resuspended in
complete RPMI containing 5 pg/mL of their respective unlabeled antibodies and incubated for 24 hours
with or without dasatinib treatment at 1 uM. Surface panel for different PBMC subset compositions
were used and internalized pHrodo-antibody was detected within the subsets by flow cytometry.

Fc receptor blockade

PBMCs were set up for PD-1 downregulation and internalization assay as before but in the presence of
50ug/mL of human 1gG4 (Sigma) and 50ug/mL of anti-CD32 / CD64 (Biolegend) for unspecific and
specific blocking of the Fc receptors. PBMCs were incubated with FcR blocking antibodies for 1 hour
at 37°C before the addition of pHrodo-PD-1 antibodies at 5 ug/mL and the continuation of the
internalization / downregulation experiments for 24 hours and subsequent surface staining followed by
flow cytometry.

293T transfection of CD32 and CD64

Low passage HEK?293T cells were seeded into 6-well plates and kept overnight at 37°C for attachment.
Plasmids for CD32a and CD64 (Sino Biological) were incorporated into Fugene HD transfection
reagent (Promega), resuspended in OptiMEM (Invitrogen) and added onto confluent cells for 6 hours.
Cells were washed and resupplied with complete DMEM and kept in the incubator for 24 hours before
detachment and seeding into flat-bottom 96 wells. Purified primary T cells were isolated as previously
described above and added at a 1:2 ratio (293T: T cells) and cocultured for 48 hours before extracellular
staining and FACS analysis.

F(ab’); preparation

PD-1 antibodieswere cleaved usinga modified IdeS protease FabRICATOR (Genovis) into F(ab’)2 and
Fc fragments at 1 unit per ug of antibody for 30 minutes at 37°C and buffer exchange was done using
50 kDa Amicon® spin filters (Merck). Free Fc fragments were removed using Pierce™ protein A
columns (Thermo) and purity was assessed by SDS-PAGE/ Coomassie blue.

Macrophage polarization and ADCP assay

Primary monocytes from healthy donors were enriched and plated into 6-well plates at 1 million cells
per mL. For M1 polarization, GM-CSF was added at 50 ng/mL and for M2 polarization, M-CSF was
added at 50 ng/mL for 3 days before washing and supplementing for an additional 3 days. Afterwards,
M1- and M2-polarized macrophages were further activated for an additional 2 days. M1 macrophage
activation was induced by GM-CSF (50 ng/mL), IFN-y (20 ng/mL), and LPS (20 ng/mL) while M2
macrophage activation was induced by M-CSF (50 ng/mL) and IL-4 (50 ng/mL). Autologous primary
T cells were isolated and stained with CFSE/ CTFR before co-culture with differentiated macrophages
at 5:1 ratio. Anti-PD-1 antibodies were added at 5 ng/mL and ADCP was measured in CD11b* CD14*
macrophages 24 hours later by flow cytometry.

Statistical Analyses



Statistical significance was obtained either using a two-tailed, unpaired parametric t-test analysis with
Welch’s corrections for comparison of frequencies or by one-way analysis of variance (ANOVA) for
multiple group comparisons with Bonferroni's correction when necessary. Linear regression was used
to calculate slope kinetics and Pearson’s correlation test was used for correlation coefficients.
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ABSTRACT

Background. Seasonal influenza continues to be a global health burden and effective

vaccination requires the interactions of B cells and T follicular helper cells (Tfh). The age-
associated decline of immune responses in influenza vaccination results in a decrease of
serological titers, memory B cells, and Tfh which prevents protective responses against
seasonal influenza.

Hypothesis. Lower influenza vaccination responses in elderly individuals can be compensated
by higher doses of vaccination

Objectives. To characterize the antigen-specific memory B cells and circulating Tfh subsets in
different age groups and to assess whether a double dose (DD) vaccination is more effective in
elderly individuals than a single dose (SD) vaccination.

Experimental strategy. 1) We took PBMCs and sera from a cohort of 164 vaccinated
individuals at baseline, 1 week, 2 weeks, 4 weeks, and 24 weeks which were stratified by age
and measured antibody titers by HAI assay and the phenotype of antigen-specific memory B
cells using A/H1N1/2009 tetramers as well as circulating Tfh subsets by flow cytometry.
Results. We demonstrated that all age groups were capable of significantly increasing their
antibody responses by 2 weeks and reached near 100% seroprotection by week 4. We also
found that induced H1N1-specific memory B cells in the 25-45Y group were significantly
higher in frequencies relative to both the 66Y+ SD and DD groups but absolute counts were
only higher than the 66Y+ SD group. We found that for the induced CXCR3* cTfh, the 25-
45Y group was significantly higherin frequenciesand counts to the 66 Y+ SD group. However,
the 25-45Y group was not significantly higher than the 46-65Y and 66Y+ DD groups.
Furthermore, the 66Y+ DD group was similar in frequencies to and greater than in counts to
the 46-65Y group level for induced CXCR3* cTth.

Conclusions. All age groups are able to produce seroprotective titers to influenza vaccination
across all 3 strains, demonstrating that influenza vaccinations are effective regardless of age.
We also saw a trend for a higher response in the 66Y+ DD with increases to similar levels of
antigen-specific memory B cell counts and CXCR3* cTth with similar frequencies and greater
counts to the 46-65Y group. This data shows that increasing the dosage for elderly individuals
shows potential in increasing both memory B cell and Tfh responses from an increased

immunogenicity.
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ABSTRACT (en Francais)

Contexte: La grippe saisonniere continue de représenter un fardeau pour la santé mondiale et

une vaccination efficace nécessite les interactions des cellules B et des cellules T auxiliaires
folliculaires (Tfh). Le déclin des réponses immunitaires associé a I'age dans la vaccination
antigrippale entraine une diminution des titres sérologiques, des cellules B mémoire et de la
Tfh, ce qui empéche les réponses protectrices contre la grippe saisonniére.

Hypothése: Des réponses vaccinales plus faibles chez les personnes agées peuvent étre
compensées par des doses plus élevées de vaccination.

Objectifs: Caractériser les lymphocytes B mémoires spécifiques de l'antigéne et les sous-
ensemblesde Tfh circulants dans différents groupes d'age etévaluer si une vaccination a double
dose (DD) est plus efficace chez les personnes &gées qu'une vaccination a dose unique (SD).
Stratégie expérimentale: 1) Nous avons prélevé des PBMC et des sérums d'une cohorte de
164 individus vaccinés au départ, 1 semaine, 2 semaines, 4 semaines et 24 semaines qui ont été
stratifiés en fonction de I'age et des titres d'anticorps mesurés par test HAI et le phénotype de
la mémoire B spécifique de I'antigéne cellules utilisant des tétrameres A / HIN1 /2009 ainsi
que des sous-ensembles de Tfh circulants par cytométrie en flux.

Résultats: Nous avons démontré que tous les groupes d'age étaient capables d'augmenter
significativement leurs réponses anticorps de 2 semaines et atteignaient pres de 100% de
séroprotection a la semaine 4. Nous avons également constaté que les cellules B mémoire
induites spécifiques au H1IN1 dans le groupe 25-45Y étaient significativement plus élevees
dans les fréquences contre les deux groupes 66Y+ SD et DD, mais les nombres étaient
seulement plus élevés que le groupe 66+ SD. Nous avons constaté que pour le CXCR3* cTfh
induit, le groupe 25-45Y était significativement plus élevé en frequences et en nombres que le
groupe 66Y+ SD. Cependant, le groupe 25-45 ans n'était pas significativement plus élevé que
les groupes 46-65 ans et 66Y+ DD. En outre, le groupe 66Y+ DD présentait des fréquences
similaires et supérieures a celles du groupe 46-65Y pour le CXCR3* cTfh induit.
Conclusion: Tous les groupes d'age sont capables de produire des titres seroprotecteurs a la
vaccination antigrippale pour les 3 souches, ce qui démontre que les vaccinations antigrippales
sont efficaces quel que soit I'dge. Nous avons également observé une tendance a une réponse
plus élevée dans le 66 + DD avec des augmentations a des niveaux similaires de numération
des cellules B mémoire spécifiques de I'antigene et CXCR3 + ¢Tfh avec des fréquences

similaires et des comptes plus élevés pour le groupe 46-65Y. Ces données montrent que
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l'augmentation de la posologie pour les personnes agées montre un potentiel d'augmentation

des réponses des lymphocytes B mémoire et Tfh a partir d'une immunogénicité accrue.
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IBV:influenza A
ICV:influenza A
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10.vNRP: viral ribonucleoprotein
11. HAI: hemagglutination inhibition
12. ASC: antibody secreting cells
13. Tth: T follicular helper cell
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CHAPTERS: INTRODUCTION

This topic for my PhD thesis was a secondary, side project but could not be merged with
the main topic of PD-1 antibodies. Thus, | have created an addendum mini-thesis to integrate with
the main thesis. We will begin with an introduction covering influenza biology and the current

state of influenzavaccinations.

5.1 Influenza classification and epidemiology

Influenza viruses are negative-sense, single-stranded, enveloped RNA viruses and
members of the Orthomyxoviridae family. Influenza viruses are categorized in four distinct genera
— A (IAV), B (IBV), C (ICV), and D (IDV) [1]. For IAV, the hemagglutinin (HA) and
neuraminidase (NA) subtype isdesignated after the viral isolate[1]. Based on viral surface antigens,
there are 18 HA (H1-18) and 11 NA (N1-11) subtypesof IAV and two known circulating lineages
for IBV, Victoria and Yamagata[2].

According to WHO estimates, the annual epidemics of seasonal influenza reach an
estimated 1 billion infections with 3-5 million cases of severe illnessandabout 10% of those severe
cases resulting in mortality[3]. Various pre-existing medical conditions can increase the incidence
of severe influenza infections such as asthma, HIV, cancer, and with one of the most important
risk factors being age[4]. The very young (less than 1 year of age) and the elderly (greater than 65
years of age) individuals represent the most vulnerable populations[4, 5]. Severe disease
incidences and/or mortalities in patients with influenza are dueto either viral-induced pneumonia
or secondary bacterial infections as a complication[6]. Viral pneumonia is caused by high viral
replication due to a migration of infection to the lower respiratory tract, followed by a strong
proinflammatory response.

IAV and IBV represent the dominant genera of circulating influenza viruses and
vaccination strategies are actively developed against them. IAV infects humans and widely
circulatesin birds and numerous otheranimals while IBV is known to only infectonly humans [7].
ICV infections are rare and do not contain the potential for antigenic drift while IDV infects only
cattle and swine; therefore, vaccinations against these influenza genera are not a major public
health concern. The severity of seasonal influenza depends on various conditions such as the

virulence of the viral strain and the levels of cross-reactivity and pre-existing immunity[8, 9].
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5.2 Influenza viral proteins

Between IAV and IBV, theirencoded viral proteins have shared and similar functions. PB1,
PB2, and PA are responsible for RNA synthesis and replication in infected cells (Fig. 1)[10]. The
viral glycoprotein hemagglutinin (HA) is responsible for binding to sialic acid and viral entry; it
contains a head and stalk domain[11]. The function of neuraminidase (NA) is release of viruses
from binding non-functional receptors and in aiding viral spread [1]. Nucleoprotein (NP) binds to
the RNA genome[10]. Matrix protein (M1) regulatesthe scaffold that providesthe virion structure
and M1 together with nuclear export protein (NEP) regulates the movement of viral RNA[10].
Membrane protein (M2/BM2) acts as proton ion channel required for entry and exit[10].
Nonstructural protein (NS1) and accessory proteins PB1 and F2 serve as virulence factor that
prevent antiviral responses[1].
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Figure 1. Influenza A virion and associated proteins. From Krammer F, et al. Nat Rev Dis Primers. 2018
Jun 28;4(1):3.
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5.3 Influenza Life Cycle and Pathogenesis

Human influenza viruses are transmitted through aerosol droplets and targets the epithelial
cell lining of the upper respiratory tract for infection and replication while extending to the lower
respiratory tract in severe cases[12]. For IAV and IBV, HA proteins on the viral surface
preferentially bind sialic acid on epithelial cells and internalize (Fig. 2)[13, 14]. Once the
internalized viral particle is trafficked inside the cell, the acidification of the endosome causes a
conformational change in the virus that creates a fusion of the viral envelope with the
endosome[15]. This fusion causes the release of viral ribonucleoproteins (vVRNP) into the

cytoplasm and the released VRNPs are imported into the nucleus[16].

(7) Virion budding
and release
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to sialic acid

(3) Uncoating and (6) Replication
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membrane fusion VRN% a cRNA (+ve) . ~
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(4) P Y (5) Translation
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‘MRNA
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w— o ° T ° ® o °
RNP NP Polymerase HA NA M1 M2 NS1  NEP Viral receptor
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Trends in Microbiology
Figure 2. Influenza virus replication cycle. From Hutchinson EC. Influenza Virus. Trends Microbiol. 2018

Sep;26(9):809-810.

Transcription and replication of viral mMRNA is processed by viral polymerase complexes
attached to VRNPs[17]. Newly generated mRNAs are exported into the endoplasmic reticulum for
translation into viral proteins [1]. From this point, newly synthesized viral polymerases and viral
NP translocate back into the nucleus to boost the rate of RNA synthesis while membrane -bound
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proteins such as HA, and NA are moved to the plasma membrane[18, 19]. M1 and NEP move to
nucleus, bind the vVRNPs to mediate their export to the cytoplasm at the late stages of infection and
incorporate the VRNPs into the budding virions which take on the host membrane containing viral

glycoproteins[20]. The end result is viral-induced apoptosis[21].

5.4 Influenza Vaccines

The annual influenza vaccine is composed of two strains of IAV virus (H1N1 and H3N2)
and one or two strains of the IBV as a trivalent or quadrivalent vaccines, respectively. Currently
approved vaccines contain inactivated (split viruses or subunit influenza antigens) or live
attenuated influenza viruses[17]. Every year, the influenza vaccine is reformulated and prepared
six months in advance with strain forecasting implemented through the WHO Global Influenza
Surveillance and Response System[18]. The reason for this is due to constant antigenic drift of
IAV and to lesser extent, IBV.

Antigenic drift is the accumulation of amino acid substitutions in HA and NA surface
proteins that generate novel immunological strains and provide selective advantages in
circumventing the host antibody response[19]. For IAV, mutations are commonly occurring given
the lack of proofreading mechanismson the viral RNA polymerase and these error rates are
estimated to be approximately 1-8 x 1073 substitutions per site per year[20]. Selective pressure
from immune mice infected with influenza was shown to drive single point mutations in the HA
genethatincreased receptor bindingavidity while naive mice infected with influenza had increased
selective pressure for decreased receptor binding avidity[21]. When a substitution allows for
immunological evasion and confer a fitness advantage, the mutated influenza strain can
outcompete and replace the circulating strain[19]. Antigenic shift, which occurs only in 1AV, is
the gene reassortment with a novel HA, NA, or both gene segments from the avian reservoirs into
the circulating human influenza, generating an immunologically unknown strain; this is the case
for pandemic influenza[19].

Seasonal influenza vaccines have a narrow window of coverage and are strain-specific;
these circulating strains are constantly evolving despite the extensive surveillance and predictions.
Vaccine efficacy and effectiveness can vary dramatically from year to year, depending on how
well the vaccine strain matches the circulating strain (Fig. 3). For example, in 2018-2019 season,

the overall interim estimate showed a vaccine effectiveness of 43% against influenza A/H3N2 in
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all age groups combined while in the 2014-2015 seasons, vaccine effectiveness was shown to be
23% due to high levels of antigenic drift in the influenza A/H3N2 viruses[22, 23]. Furthermore,
vaccine effectiveness contrasts significantly with age: children aged 6 months—17 years had 61%

vaccine effectiveness against all influenza virus types while adults >50 years showed 24% in the
2018-2019 season[22].
80
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Figure 3. Effectiveness of seasonal influenza vaccines from 2009 to 2019 using data from “CDC: Past
Seasons Vaccine Effectiveness Estimates”. From Wei CJ, et al. Nat Rev Drug Discov. 2020
Apr;19(4):239-252.

Despite such varied responses over the years, annual vaccination for influenza remains the
most efficient and cost-effective strategy for public health. Currently, there is ongoing research to
create universal influenza vaccines that produce broadly neutralizing antibodies against conserved
epitopes of the hemagglutinin stalk domain. These antibodies have been found to be cross-reactive
and inhibit the viral membrane fusion by locking HA in its prefusion form[24]. However, these
antibodies have been foundto be less potent neutralizers than the standard HA head antibodies,

necessitating further research[25].

5.5 Immune correlates of protection
Vaccination responses are typically assessed by antibody titers generated from the
vaccination. The hemagglutination inhibition assay (HAI) represents the gold standard for

assessingprotection frominfluenza. Itis the primary method for quantitatively measuring antibody
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titers for influenza virus and used for vaccine efficacy/effectiveness studies and epidemiological
studies[26]. The assay directly measures the intrinsic binding of viral HA to bind sialic acid present
on the surface of red blood cells. Patient sera containing HA antibodies will block viral attachment
and prevent agglutination. The current standard for seroprotection is estimated as an HAI titer of
40 or above, regarded asa50% or greater reduction in the likelihood for contractinginfluenza[27].
Another metric, seroconversion, is defined as the number of patients with >4-fold increase in HAI
titers[28]. While these assays are informative and cost-effective, there are limitations such as
protocol standardization and reproducibility from different laboratories[26]. In a recent paper by
Ng, S. et al., the authors found that HA stalk antibodies could be used instead of full-length HA
antibodies to determine protection rates in natural influenza infections, which cannotbe accurately
measured with the standard HAI assay[29].

There is active research in identifying additional cellular immune correlates of protection
for influenza vaccinations[30]. Given that the HAI titers are a result of the B cell response to
vaccination, numerous studies have examinedthe presenceof antibody-secreting cells (ASC) post-
vaccination[31-33]. Antigen-specific B cells are readily detectable from 1-2 weeks post-
vaccination and their increased numbers have been positively correlated with antibody titers[32].
However, given that B cell responses for influenza are dominated by recall responses in adults, it
Is critical to make the distinction between de novo ASCs and broadly cross-reactive memory B
cells[34]. T cell responses have also been investigated; in particular, heterosubtypic responses
(immunity generated by a given 1AV subtype that protects against challenge with other IAV
subtypes) have been observed in both CD4*and CD8* T cells[35-37]. Cross-reactive T cells target
epitopesinhighly conservedregionsof influenzaproteinspositioned in the cytoplasm suchas PB1,
M1, and NP. In a recent paper by Koutsakos, M et al., the authors found a conserved CD8 epitope,
PB1413, which was cross-reactive against IAV, IBV, and ICV measured as IFNy production in
response to infected autologous PBMCs[37].

In recent years, there has been great interest in the role of T follicular helper cells (Tfh) in
influenza vaccine responses[38-40]. Tfh cells are a specialized subset of antigen-experienced
CD4* that express Bcl-6 and play an essential role in the formation and maintenance of germinal
centers by directly providing co-stimulation via CD40 which interacts with CD40L on B cells and
producing IL-21 and IL-4 to drive B cell proliferation[41]. In turn, the germinal B cells undergo
isotype class-switching and somatic hypermutation, which generates antibody isotypeswith better

140



effector functions and greater affinity, respectively. Circulating Tfh (cTfh) which are found in the
peripheral blood, serves as a surrogate population as activated Tfh that have egressed from the
lymph nodes[42, 43]. It has been found in a number of studies on influenza vaccinations that the
frequencies of cTfh in the blood positively correlate with antibody responses and HA-specific B
cells[40]. Furthermore, it has been shown that the expression of CXCR3* cTfh, which are
designated as Th1-like, are correlated with vaccine responses but not CXCR3- cTfh[44]. These
studies show the potential for cTfh to serve as a metric for influenza vaccination responses.

5.6 Influenza vaccination in the elderly

In an aged immune system, diminished vaccine responses lead to increased susceptibility
and more severe incidences of influenza. All aspects of the adaptive immunity are affected in
elderly individuals for influenza vaccinations. Influenza-specific antibody titers are found to be
significantly lower in elderly individuals compared with young adults and B cells have more
restricted repertoire diversity and fewer somatic hypermutation events due to significantly lower
expression of activation-induced cytidine deaminase, which is critically involved in class switch
recombination andsomatic hypermutation[45-47]. Blimp-1expressionand IgG secretion was also
found to be significantly reduced, indicating that plasma cell differentiation was impaired[48].

Furthermore, cTfh in vaccinated elderly individuals was shown to be lower in frequencies,
produce less IL-21, decrease B cell help in the form of lower IgG production, and have a greater
expression of ICOS compared to young adults[39]. These defects in Tfh functionality directly
contribute to reduced B cell responses. CD8* impairment in elderly individuals for influenza
vaccination is presented as the increased expression of T-bet and senescence-associated markers
CD57 and KLRG1 aswellas reduced frequencies of influenza-specific CD8* [49, 50]. Remarkably,
elderly individuals show a reduced diversity of clonotypes but retain dominant T cell repertoires
with enhanced cross-reactivity[51].

Despite these reduced immunologic capacities, elderly individuals are still capable of
producing a protective antibody titers and influenza vaccinations significantly reduce the risk of
hospitalizations in individuals aged 65 and older[52, 53]. Therefore, taking into consideration the
reduced responses of an aged immune system would allow for the design of more effective and/or
more immunogenic vaccine strategies that can compensate for these deficiencies and enable

immunological protectionin elderly individuals.
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CHAPTERVI: RESULTS

Paper I: Age-associated decline in influenza vaccination (manuscript in preparation)

In this study, we measured vaccination responses at baseline, 1 week, 2 weeks, 4 weeks, and 24
weeks in individuals stratified into groups by age: 25-45Y, 46-65Y, 66Y+ SD (single dose), and
66Y+DD (double dose). We evaluated HAI titers for each of the 3 strains in the 2014 -2015 vaccine
schedule composed of: HIN1-A/CA/2009, H3N2-A/TX/2012, and Influenza B-MA/2012. All age
groups had maintained high levels of seroprotective titersatbaseline; however, all age groups were
shown to be significantly increased in their geometric mean titers at 2 weeks post-vaccination
compared to baseline.

We measured CA/2009-specific IgG* memory B cells between age groups; the 25-45Y group was
shown to be significantly higher than all other age groups. Furthermore, all age groups were shown
to be significantly higher than baseline at the 2-week timepoint. For induced CA/2009-specific
memory B cell frequencies, the 66Y+ SD and DD groups were both significantly lower in
frequencies (p<0.05) compared to the 25-45Y group. However, in terms of induced absolute
counts, the 66Y+ DD group was increased to levels similar to the 46-65Y age group while the
66Y+ SD was the only age group significantly lower than the 25-45Y (p<0.01). A positive
correlation was observed for CA/2009-specific memory B cells and CA/2009 antibody titers at 2
weeks (R=0.47, p<0.001) and 4 weeks (R=0.41, p<0.001). No significant changes were observed
in plasmacell frequenciesand counts exceptforthe 25-45Y group at 1 week comparedto baseline.
We next measured the frequencies and counts of CXCR3+and CXCR3- cTfh populations in the
vaccinated age groups. Frequencies and counts in peak CXCR3* cTfh at 1 week were significantly
higher than baseline for all age groups except for frequencies in the 46-65Y group. For induced
CXCR3* cTfh, only the 66 Y+ SD group was significantly lower than the 25-45Y group. (p<0.05)
The 66Y+ DD group showed comparable or greater levels to the frequencies and counts of the 45-
65Y group, respectively. As for the CXCR3- cTfh, only the 66Y+ SD group showed significant
increases at the peak expression at 2 weeks. Furthermore, no differences in the induced CXCR3-
cTfh were observed among all age groups. These results show that there are age related
deficienciesin memory B cellsand CXCR3* cTth from vaccine responses in the elderly buthigher
doses could possibly circumvent these immunological impairments.

Contribution: I contributed to experimental implementation of antigen-specific B cell response,

generated and analyzed the cumulative data and written the original draft of the manuscript.
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Chapter VII: DISCUSSION

We conducted a randomized study to evaluate the immunogenicity for influenza vaccinations in
different age groups and found some age-related differences in B cell and T cell responses.
Primarily, we observed lasting immunity to all 3 strains of influenza from the vaccine schedule
even with age-associated disparities. Prior exposure to influenza and/or previous influenza
vaccinations is responsible for the relatively high initial seroprotection rates observed at baseline.
Moreover, all age groups produced vaccination responses approaching 100% seroprotection by
week 2 that persisted throughout the remainder of the study. The responses to H3N2 strain (TX
2012) were the mostpronounced, showingthe highestincrease in titers forall age groups. It should
be noted that the actual H3N2 strain in 2014 experienced significant antigenic drift from the
predicted strain, leading to a vaccine mismatch and an overall reduction in vaccine effectiveness
[54]. However, this created a unique situation in which the vaccine responses to the TX/2012
antigen were likely to be formed de novo and not influenced by cross-reactivity to current or prior
H3N2 exposure. For the TX/2012 strain antigen, higher numbers of elderly donors with double
dose had seroconverted against 1 or more strains compared to the single dose group by week 4.

The detection of strain-specific memory B cells shows that all age groups are capable of
developing or inducing memory responses to influenza vaccination. In elderly individuals, double
dose of influenza vaccine was shown to elevate influenza-specific memory B cells counts and
CXCR3* cTfh frequencies/ counts compared to the single dose; these increases were not found to
be statistically significant but established response levels to the same as or higher than the 46-65Y
group. Several studies have concluded that higher doses of influenza vaccinations for elderly
individuals generated stronger protective responses [55-57]. In North America, there are options
for elderly individuals to receive either a high dose vaccination at 60 ug per influenza strain with
the quadrivalent Fluzone HD or adjuvanted FLUAD containing MF59. Our studies only included
a double dose — 30 ug per strain — for the elderly group, which could account for why a less
pronounced effectwas observed. While previous studieshave broadly defined differentage groups
as either young or old, we present here data that stratifies the older age group into 46-65 and 66+
groups in order to better represent the age-associated decline in vaccine responses and to
underscore potential strategies to circumvent it. We were able to measure all relevant timepoints

for both the early and sustained vaccine responses for the different age groups; this showed that
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influenza vaccination was effective even at 6 months post-vaccination in providing continuous
seroprotection to all age groups despite the contraction of memory B cell and cTfh populations

and mediated by long-lived plasma cells.

In future work, analyzing the immunoglobulin repertoire between young and elderly donors could
help clarify any beneficial or differential responses with higher or more immunogenic doses of
influenzavaccination. Inthe study by Henry, C. etal., influenza vaccinations in elderly individuals
produced less de novo somatic hypermutation which resulted in elderly individuals not being able
to effectively adjust to newer strains and a reduction in neutralization capacity to highly potent or
drifting epitopes against HA[46]. We would like to test if different formulations or higher
concentrations of influenza vaccinations could potentially increase immunoglobulin gene somatic
hypermutation events. Furthermore, given that elderly individuals generate antibodies
preferentially targeting more conserved NA, NP, or other non-HA proteins, we would like to

observe if any increases in relevant HA epitopes may occur with different vaccine formulations.

On the other hand, we did not observe significant increases in plasma cell levels post-vaccination
in age groups over 45 years old. In a report by Kim, JH et al., plasma cells were found to be
increased at day 7 using the HD influenza vaccination in elderly individuals (65Y+) compared to
the SD while no changes were observed in memory B cell populations [58]. In contrast, our data
showed that while plasma cells were induced, no significant differences were shown between the
SD or DD groups and higher counts of antigen-specific memory B cells were found in the DD
group. Thisdifference in results could be attributedto the higher concentration of influenza antigen
in the HD vaccine leading to a more efficient acute response. We also did not observe changes in
total memory B cell frequencies; only the antigen-specific memory B cell responses were
effectively induced. In our work, the extent of immune aging with decreased plasma cell
frequencies and counts was observed but interestingly, the age-associated loss of plasma cells did
not significantly alter the seroprotection nor seroconversion rates. Even with the overall lower
memory B cells frequencies and counts for the older age groups, memory B cells were still
effectively induced or recalled and significantly correlated with the increase of antibody titers,
indicating that the memory B cells were responsible for generating effective, long-term influenza

responses rather than transient increases in plasma cells. The induction of plasma cells may be
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more applicable to individuals under 45Y of age with reduced prior exposure to influenza antigens
[46].

In a previous study by Herati, R. etal., elderly individuals were shown have 35% fewer cTth and
expressed more ICOS compared to young adults [39]. Given that baseline levels of CXCR3* cTfh
were markedly reduced in elderly individuals of this study, our data is in agreement for observing
a similar effect in the age groups above 66Y. Strictly between the 25-45Y and 46-65Y groups, we
found that while both age groups retained similar baseline levels of CXCR3* cTfh, the magnitude
of CXCR3* Tfh abundance post-vaccination was markedly reduced in the 46-65Y age group,
confirming an age-related decline in CXCR3* cTfh proliferation. Regardless of the age of donors,
we found that the peak frequencies of CXCR3* Tfh at week 1 was positively correlated with
CA/2009-specific memory B cell responses at weeks 1, 2, and 4 for all donors combined. One
potential limitation was the factthatwe only measured CA/2009-specific memory B cell responses
and more information about the reactivity to other 2 strains may have revealed more robust

measures for correlates of protection.

We did not observe a correlation between CXCR3-cTth and memory B cell responses for all time
points. The 46-65Y group had lower CXCR3-cTfh atbaseline compared to the younger group, but
was still capable of producing CXCR3- c¢Tfh similarly in magnitude to the 25-45Y group after
vaccination. Neither the single and double dose group for 66Y+ generated CXCR3- cTfh
sufficiently. In the work by Koutsakos M. et al, no changes were observed in CXCR3- CCR6*/-
cTfh across all timepoints after inactivated influenza vaccination [59]. We observed a trend in the
increase of CXCR3-cTfhat2 weeks postvaccination butalso did notobservesignificantincreases.
The possibility that we did not include markers for CCR6 to delineate cTfh2 and cTfh17 subsets
may explain for this lack of difference. In further work, we would like to characterize the
circulating cTfh populations more thoroughly (for the subsets cTfh1, cTfh2, and cTfh17) as well
as vaccine-specific stimulation of cytokine production and B cell help in terms of 1gG production
in co-culture from different cTfh subsets. Gene expression profiling of these different subsets of
cTfh before and after vaccination with young or elderly individuals could also help us understand
the individual contributions of each cTfh subset and their transcriptional changes post-vaccination

to better define the deficiencies from an aged immune response. Furthermore, we would also like
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to compare the relationship between cTfh and germinal center Tfh during influenza vaccination.
Although normally difficult to obtain, recent progress with fine needle aspirates of the lymph node
has allowed for a way to collect cells from the germinal center with a minimally invasive
technique[60, 61]. The longitudinal analysis of Tfh from different anatomical compartments may
yield more information on the contributions of GC Tfh and cTfh on influenza vaccine responses.

Itis being debated atthe momentwhetherthe CXCR3* (cTfh1l)and/or CXCR3-(cTfh2/17) subsets
are positively correlated with antibody responses. Different cTfh subsets have beenindicated for
the positive correlation of vaccine responses in other diseases such as HPV [62], yellow fever [63]
for CXCR3* c¢Tfh and malaria [64], Ebola [65] for CXCR3- cTfh. Furthermore, acute infections
produce distinct cTfh subset profiles that emerge as better mediators for neutralizing responses.
For example, responders to SARS-CoV-2 produce both CXCR3* ¢Tfhl and CCR6* CXCR3-
cTfh17 —this combination generating the most neutralizing antibodies [66] and the emergence of
CXCR3* cTfh1 are positively correlated with neutralizing responses in HCV [67] and HIV [68]

infections.

These results outline the importance of CXCR3* cTfh in parallel with memory B cells for immune
responses to influenza vaccination, in agreement with other published reports. Furthermore, we
validate the factthatinfluenzavaccine responses also adhere to elderly individuals in consideration
of CXCR3* cTfh. Understanding the underlying immunological responses that mediate long-term
immunity in both young and elderly individuals remains crucial to designing improved vaccines.
Given that Tfh are intimately involved with memory B cell responses, vaccines that are capable of

inducing Tfh proliferation and maintenance are likely be more effective.
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Abstract

Influenza infections continue to represent a significant public health threat and successful vaccination
requires the coordination of B cells and T follicular helper cells (Tfh) to generate neutralizing antibody
titers. Age-associated immunological alterations are reported to reduce vaccine effectiveness distinguished
by the reduction in serological titers, plasma cells, memory B cells, and Tfh in elderly individuals. Here,
we measured longitudinal responses from 2014/2015 influenza vaccination schedule with individuals
grouped in different age ranges between 25-66Y+. We find that young and elderly individuals were capable
of producing protective responses to influenza vaccination and that all age groups were able to sustain high
levels of protective antibody titers. Moreover, all age groups were able to generate influenza-specific
memory B cellsand CXCR3* cTth cells in response to the vaccination but decreased in magnitude as age
increased. Although an overall age-associated decline was seen in total memory B cells and CXCR3* cTfh
compartments during peak expression, higher doses of influenza vaccination were able to partially
compensate this loss in individuals over 66 years of age. Given the lower vaccination responses in elderly
individuals, targeted strategies are warranted to improve vaccine effectiveness in an aged immune system.

Introduction

Seasonal vaccination is presently the most effective strategy for the prevention of circulating influenza
strains. Current influenza vaccines are composed of inactivated, live-attenuated, or recombinant vaccines
containing 3 or 4 strains (HLN1, H3N2, and influenza B lineages) projected separately in advance by
antigenic prevalence for the northern and southern hemispheres and recommended for healthy individuals
aged from 6 months and older.

In a meta-analysis review, pooled influenza vaccine effectiveness between 2004 to 2015 was shown to
reach 67% for HIN1 (95% CI: 28-85), 61% for HIN1 pdm09 (95% CI: 57-65), 33% for H3N2 (95% CI:
26-39), and 54% for influenza B (95% CI: 46-61) [1]. While vaccine effectiveness varied considerably
across different strains, influenza vaccines were overall capable of producing moderately protective
responses. Despite the progress and the comprehensive surveillance made with influenza vaccinations over
the decades, seasonal influenza remains as a global health burden. The evolution of circulating strains is
attributed to antigenic drift — mutations in the surface hemagglutinin (HA) and neuraminidase (NA)
antigens, requiring different compositions of vaccines annually. Furthermore, antigenic shift — the
reassortment of different animal strains leading to the formation of anovel influenza A strain, isresponsible
for creating potential pandemic scenarios such as the 2009 H1IN1 epidemic [2].

Seasonal influenza vaccines are designed to elicit HA head-specific neutralizing antibody responses and
provide protection by the generation or boosting of high affinity antibodies against hemagglutinin [3]. The
principal immune correlate of protection is traditionally assessed by the quantification of antibody titers
that indicate whether the vaccinated individual has generated strain-specific, neutralizing antibodies which
in turn reflects the successful generation of activated B cells, plasma cells, and memory B cells [4].

Among healthy adults, influenza vaccines have been shown to provide protection while among the elderly,
influenza vaccines are less effective but can still reduce overall disease severity and incidence of
complications [5]. The consequences for this reduced vaccine efficacy in the B cells of older individuals



are reduced plasma cell generation, reduced antibody titers, and antibody affinity as well as lower memory
B-cell recall responses [6]. Furthermore, T cell expansion and functionality is decreased in older individuals
which directly impacts the T-cell dependent B cell response [7].

Numerous reports have shown that follicular helper T cells (Tfh) play a critical role in the generation of
antibody responses from vaccinations [8-10]. Tfh belong to a specialized subset of CD4 T cells that reside
in the germinal center (GC) and express Bcl-6, CD-40L, ICOS, PD-1, and CXCR5. They are responsible
for the induction of a high affinity antibody response for influenza vaccination through the germinal center
reactions and via production of 1L-4 and IL-21, which supports GC B cell survival and differentiation.
Studies have shown that the abundancies of circulating Tfh cells (cTfh) can act as an indicator for
responsiveness to influenza vaccination [11, 12]. These cTfh are shown to have considerable phenotypic
and functional overlap with lymphoid Tfh such as the expression of CXCR5 and PD-1 and antigen-specific
B cell help, respectively. The cTfh do not express the canonical Tfh transcription factor Bcl6 and can be
further defined into cTfh1 (CXCR3*), cTfh2 (CXCR3- CCR6), cTfh17 (CXCR3- CCR6*) subsets with their
own transcriptional and cytokine profiles. More specifically, influenza vaccinations have been shown to
inducea Thl-like CXCR3* cTfhresponses in numerousstudies and responsible for the generation of plasma
cell and memory B cell responses [12].

In this study, we compared longitudinal influenza vaccine responses during the 2014/2015 season with 3
groups of age ranges (25-45Y, 46-65Y, 66Y+) stratified for the vaccinated donors. Furthermore, we also
compared the effects of single dose (SD) or double dose (DD) of influenza vaccine in donors above the age
of 65. We measured protective antibody induction by HAI titers, the antigen-specific memory B cell
response, and the prevalence of CXCR3+ and CXCR3- cTfh subpopulations. We found age-associated
decreases in vaccine responses in terms of antigen-specific memory B cells and both cTfh populations.
Despite the increases in antibody titers being induced for all age groups, B cell and cTfh responses were
significantly reduced in 66Y+ age group compared to the 25-45Y and 46-65Y age group. However, we
observed that double dose of vaccine in 66Y+ group trended towards increased seroconversion rates,
influenza-specific memory B cells, and CXCR3* cTfh compared to the single dose 66Y+ group. Overall,
age-related vaccine responses were reflective on the availability and response of cTfh and antigen-specific
memory B cells and increasing the dosage of influenza vaccination was associated with a more robust
vaccine response for elderly individuals.

Results

Antibody generation and seroprotection rates of different age groups

We measured the HAI titers of different age groups of donors for time points 0, 2, 4 and 24 weeks to
establish the trend of vaccine-induced antibody production. The antibody induction to the 3 different strains
CA/2009, TX/2012, and MA/2012 that comprised the vaccination schedule were individually assessed and
titer counts were plotted (Fig. 1A). All age groups were significantly increased in their antibody responses
for all 3 strains by 2 weeks and remained significantly elevated until the completion of the study at 6 months
when compared to their baseline titers. (CA: p<0.05, TX: p<0.05, and MA: p<0.01)

We next evaluated the different age groups for seroprotection, which wasassessed as HAI titer countsabove
40. A large percentage of donors with previously established seroprotection was present at baseline to
varying degrees between the 3 different strains [25-45Y: 70-80%, 46-65Y: 50-80%, 66Y+ SD: 50-90%,
66Y+ DD: 60-90%]. (Fig. 1B) This can be attributed to prior exposure to influenza infections and/or
influenza vaccinations, which drove these pre-existing baseline titers. All age groups achieved near 100%
seroprotection by the 24-week time point (Table S1).

Seroconversion was also measured for the different age groups. Seroconversion was represented as a 4-fold
increases or higher in baseline HAI titer counts. Seroconversion against CA/2009 was maintained at similar



levels across all age groups for both weeks 2 and 4 (Fig. 1B). Age-associated decline in seroconversion
rates against TX/2012 and MA/2012 was observed for weeks 2 and 4 with the exception of the 66Y+ DD
group, which showed a sharp increase at week 4 to TX/2012 strain in comparison to the 66Y+ SD group.
When comparing concurrent seroconversions against 1 or more strains, an overall age-related decline was
observed with the exception of the 66'Y+ DD group which was boosted by reactivity against TX/2012. (Fig.
1C) These results validate the numerous previous studies on age-associated decline to vaccine responses
and address two key points: While immune responses decline inaged individuals, a higher dose of influenza
vaccine can boost humoral responses in elderly individuals and, regardless of the magnitude of HAI titer
responses, seroprotection was similarly observed across all age groups after vaccination.

Antigen-specific memory B cell responses to influenza vaccination in different age groups
Given the lower initial seroprotection rates at baseline across all age groups for CA/2009 compared to
TX/2012 and MA/2012, we used CA/2009 tetramers to study the overall influenza-specific B cell response
by flow cytometry (Fig. 2A). 1gG class-switched memory B cells were gated as CD19* CD21+ CD27* IgD
IgM- I1gG* and plasma cells were gated as CD19* CD20- CD27+ CD38** (Fig. S2).

All age groups were able to show significant increased frequencies and total counts at weeks 2 and 4
compared to time 0 and had significantly reduced levels by week 24 (Fig. 2B). The 25-45Y age group had
a significantly higher response in both frequencies and counts compared to other age groups for weeks 1,
2, and 4. In terms of absolute counts, 25-45Y age group generated the highest number of CA/2009+ 1gG+
memory B cells compared to older groups (p<0.01), followed by similar levels between the 46-65Y and
66Y+ DD group with the 66Y+ SD group having the lowest amount of total CA/2009+ B cells. Both the
46-65Y and 66Y+ DD group showed a similar trend in increases of total counts at week 1 and 2 but were
not significantly higher than the 66Y+ SD group.

We further looked at the vaccine-induced responses by measuring the difference between peak expression
levels and baseline levels and comparing the A change in frequencies and counts across all age groups. (Fig.
2C) We observed that the 25-45Y age group induced significantly higher antigen-specific memory B cells
in frequencies compared both the SD and DD 66 + group (p<0.05) but in absolute counts, only against the
SD group (p<0.01). The total counts of antigen-specific memory B cells induced in the 66Y+ DD group
were elevated to similar levels as the 46-65Y group.

Pooled frequencies of CA/2009 specific memory B cells from all age groups combined were shown to
positively correlate with antibody titers (Fig. 2F). CA/2009 titers from 2 weeks and 4 weeks were
significantly correlated with 1gG* CA/2009+* memory B cells from 2 weeks (r = 0.47, p<0.001) and 4 weeks
(r=0.41, p<0.001), which verified that the elevation of antibody titers was associated with the increase of
CAJ/2009-specific memory B cells.

Net increases in plasma cells frequencies were observed between weeks 1 and 2 for all age groups but did
not correlate with antibody titers. Only the 25-45Y group showed significant increases in plasma cells for
both frequencies and total counts at week 1 (p<0.05) but the other age groups were not significantly
increased. (Fig. 2E) This underscores the age-related deficiencies in plasmablast generation and that the
abundance of plasma cells may not serve as a reliable indicator for vaccine response in older individuals.
Finally, total naive, unswitched, switched memory, and double negative B cell populations did not change
significantly over the course of the study and remained similar to each individual donor’s baseline
frequencies while only flu-specific IgG+ memory B cells increased. (Fig. S1)

cTFH responses to influenza vaccination in different age groups

Given the role of Tfh in enhancing B cell mediated vaccine responses, we next assessed the abundance of
cTfh (gated as CD3* CD4+* CD45RA- PD-1+* CXCR5*) during influenza vaccination and compared between
the CXCR3* and CXCR3- Tfh subsets (Fig. 3a). Baseline frequencies and absolute counts of CXCR3+ cTfh



were found to be the highest in the 25-45Y group with similar levels with the 46-65Y group. We observed
dramatic decreases in basal levels of CXCR3+ Tfh in both groups of 66Y+ (Fig. 3b).

We found that CXCR3* cTfh were consistently elevated for all donor groups in both frequencies and total
counts in response to influenza vaccination compared to their baseline. In particular, peak increases were
observed at 1 week for the CXCR3* cTFH for 25-45Y, 66Y+ SD, and 66Y+ DD groups and remained
elevated by week 2. All age groups were significantly increased at week 1 and week 2 compared to baseline
for both frequenciesand total counts (p<0.01). The 25-45Y age group was significantly higher than all other
age groups (p<0.05). While the 66Y+ DD group was not significantly higher than the SD group, we found
that the 45-65Y group was significantly higher than the 66'Y+ SD group (p<0.05) but not the DD group,
indicating a trend for the 66Y+ DD group in generating CXCR3+ cTfh levels to comparable levels as the
46-65Y group.

We again measured the vaccine induced responses for the A change in frequencies and counts compared
across all age groups of CXCR3* cTfh. (Fig. 3C) Here, we observed that 25-45Y group produced
significantly higher levels of CXCR3* cTfh to only the 66Y+ SD group for both frequencies and absolute
counts (p<0.05). As seen previously with the antigen-specific memory B cells counts, the 66Y+ DD
produced CXCR3* cTfh to similar frequencies and higher absolute counts as the 46-65Y group, indicating
that the double dose was able to induce CXCR3* cTfh to levels than the single dose alone in elderly
individuals.

Peak increases for CXCR3- cTth were observed at week 2, which paralleled with peak increases in memory
B cell responses. The 25-45Y group was significantly higher in CXCR3- cTfh in total counts (p<0.01) but
not in frequencies compared to all other age groups at week 2 (Fig. 3D). CXCR3- cTfh frequencies or
absolute counts were not significantly induced from baseline levels between all age groups. (Fig. 3E)

CXCR3* cTfh were shown to be predictive indicator of vaccine responses with antigen-specific memory B
cells as shown by correlative analysis. Significant correlations were found in peak CXCR3* ¢Tfh induction
at week 1 compared to CA/2009-specific B cells at week 1 (r = 0.36, p<0.01), week 2 (r = 0.47, p<0.001),
and week 4 (r = 0.41, p <0.001) (Fig. 4A). No significant correlations were found between CXCR3- cTfh
and CA/2009-specific memory B cells despite showing peak expression within the same duration. Finally,
across all age groups combined, significant age-related decline in frequencies was shown for CA/2009*
IgG* memory B cells (r = -0.54, p<0.001), CXCR3* cTfh (r = -0.52, p<0.001), and CXCR3- cTth (r = -0.4,
p<0.05) (Fig. 4b).

Discussion

We conducted a randomized controlled study to evaluate the immunogenicity for influenza vaccinations in
different age groups and found some age-related differencesin B cell and T cell responses. Primarily, we
observed lasting immunity to all 3 strains of influenza from the vaccine schedule even with age-associated
disparities. Prior exposure to influenza and/or previous influenza vaccinations is responsible for the
relatively high initial seroprotection rates observed at baseline. Moreover, all age groups produced
vaccination responses approaching 100% seroprotection by week 2 that persisted throughout the remainder
of the study. The responses to H3N2 strain (TX 2012) was the most pronounced, showing the highest
increase in titers for all age groups. It should be noted that the H3N2 strain in 2014 experienced significant
antigenic drift from the predicted strain, leading to a vaccine mismatch and an overall reduction in vaccine
effectiveness [13]. However, this created a unique situation in which the vaccine responses to the TX/2012
antigen were likely to be formed de novo and not influenced by cross-reactivity to current or prior H3N2
exposure. For the TX/2012 strain antigen, higher numbers of elderly donors with double dose had
seroconverted against 1 or more strains compared to the single dose group by week 4.



The detection of strain-specific memory B cells shows that all age groups are capable of developing or
inducing memory responses to influenza vaccination. In elderly individuals, double dose of influenza
vaccine was shown to elevate influenza-specific memory B cells counts and CXCR3* cTfh frequenciey
counts compared to the single dose; these increases were not found to be statistically significant but
established response levels to the same as or higher than the 46-65Y group. Several studies have concluded
that higher doses of influenza vaccinations for elderly individuals generated stronger protective responses
[14-16]. In North America, there are options for elderly individualsto receive either a high dose vaccination
at 60 ug per influenza strain with the quadrivalent Fluzone HD or adjuvanted FLUAD containing MF59.
Our studies only included a double dose — 30 ug per strain — for the elderly group, which could account for
why a less pronounced effect was observed. While previous studies have broadly defined different age
groups as either young or old, we present here data that stratifies the older age group into 46-65 and 66+
groups as well as dosage in 66Y+ individuals in order to better represent the age-associated decline in
vaccine responses and to underscore potential strategies to circumvent it.

We were able to measure all relevant timepoints for both the early and sustained vaccine responses for the
different age groups; thisshowed that influenza vaccination was effective even at 6 months post-vaccination
in providing continuous seroprotection to all age groups despite the contraction of memory B cell and cTth
populations and mediated by long-lived plasma cells in the bone marrow.

On the other hand, we did not observe significant increases in plasma cell levels post-vaccination in age
groups over 45 years old. In a study by Kim, JH et. al., plasma cells were found to be increased at day 7
using the HD influenza vaccination in elderly individuals (65Y+) compared to the SD while no changes
were observed in memory B cell populations [17]. In contrast, our data showed that while plasma cells were
induced, no significant differences were shown between the SD or DD groups while higher counts of
antigen-specific memory B cells were found in the DD group. This difference in results could be attributed
to the higher concentration of influenzaantigen in the HD vaccine leading to a more efficient acute response.
We also did not observe changes in frequencies of total memory B cell compartment; only the antigen-
specific memory B cell responses were effectively induced. In our work, the extent of immune aging with
decreased plasma cell frequencies and counts was observed but interestingly, the age-associated loss of
plasma cells did not significantly alter the seroprotection nor seroconversion rates. Even with the overall
lower memory B cells frequencies and counts for the older age groups, memory B cells were still effectively
induced or recalled and significantly correlated with the increase of antibody titers, indicating that the
memory B cells were responsible for generating effective, long-term influenza responses rather than
transient increases in plasma cells. The induction of plasma cells may be more applicable to individuals
under 45Y of age with reduced prior exposure to influenza antigens [18].

A previousstudy showed that elderly individuals have 35% fewer cTfh and expressed more ICOS compared
to young adults [19]. Given that baseline levels of CXCR3* cTfh were markedly reduced in elderly
individuals of this study, our data is in agreement for observing a similar effect in the age groups above
66Y. Strictly between the 25-45Y and 46-65Y groups, we found that while both age groups retained similar
baseline levels of CXCR3* cTfh, the magnitude of CXCR3* Tfh abundance post-vaccination was noticeably
reduced in the 46-65Y age group, confirming an age-related decline in CXCR3* cTfh proliferation.
Regardless of the age of donors, we found that the peak frequencies of CXCR3* Tfh at week 1 was
positively correlated with CA/2009-specific memory B cell responses at weeks 1, 2, and 4 for all donors
combined. One potential limitation was the fact that we only measured CA/2009-specific memory B cell
responses and more information about the reactivity to other 2 strains may have revealed more robust
measures for correlates of protection.

We did not observe a correlation between CXCR3- cTfh and memory B cell responses for all time points.
The 46-65Y group had lower CXCR3- cTfh at baseline compared to the younger group, but was still capable
of producing CXCR3- cTth similarly in magnitude to the 25-45Y group after vaccination. Neither the single



and double dose group for 66Y+ generated CXCR3- cTfh sufficiently. In the work by Koutsakos M. et al,
no changes were observed in CXCR3- CCR6*/- cTfh across all timepoints after inactivated influenza
vaccination [20]. We observed a trend in the increase of CXCR3- cTfh at 2 weeks post vaccination but also
did not observe significant increases. The possibility that we did not include markers for CCR6 to delineate
cTfh2 and cTfh17 subsets may explain for this lack of difference and further research is necessary to define
cTfh17 responses in vaccination strategies.

It is currently under consideration whether the CXCR3* (cTfhl) and/or CXCR3- (cTfh2/17) subsets are
positively correlated with antibody responses. Different cTfh subsets have been indicated for the positive
correlation of vaccine responses in other diseases such as HPV [21], yellow fever [22] for CXCR3* c¢Tfh
and malaria [23], Ebola [24] for CXCR3- cTfh. Furthermore, acute infections produce distinct cTfh subset
profiles that may emerge as better mediators for neutralizing responses. For example, responders to SARS-
CoV-2 produce both CXCR3* ¢Tfhl and CCR6* CXCR3- cTfh17 — this combination generating the most
neutralizing antibodies [25] and the emergence of CXCR3* cTfh1 are positively correlated with neutralizing
responses in HCV [26] and HIV [27] infections.

These observations outline the importance of CXCR3* c¢Tfh in parallel with memory B cells for immune
responses to influenza vaccination, in agreement with other published reports. Furthermore, we validate the
fact that influenza vaccine responses also adhere to elderly individuals in consideration of CXCR3* cTfh.
Understanding the underlying immunological responses that mediate long-term immunity in both young
and elderly individuals remains crucial to designing improved vaccines. Given that Tfh are intimately
involved with memory B cell responses, vaccines that are capable of inducing Tfh proliferation and
maintenance are likely be more effective.



Materials and methods

Study participants and design

Study participants were recruited by the investigator and provided written informed consent. The study
protocol was approved by local Ethics Committee and Swiss regulatory authorities, CER-VD and
Swissmedic and registered at Clinicaltrial.gov with the identifier NCT02746783. This study was a single
centre, parallel, open-label, randomized trial performed at the University Hospital of Lausanne, Switzerland.

Vaccination procedures

The vaccine used in this study was the 2014-2015 season Mutagrip® (Sanofi Pasteur, France), a trivalent
inactivated split-virion composed of 15ug of HA antigen each for the influenza strains A/California/7/2009
(H1IN1)-like virus, influenza A/Texas/50/2012 (H3N2)-like virus, and influenza B/Massachusetts/2/2012
(‘Yamagata lineage). Donors allocated to the SD group received one intramuscular injection (15 pg of HA
antigen per strain) in the deltoid muscle of the non-dominant arm and patients allocated to the DD group
received two simultaneous intramuscular injections (one on the deltoid of each arm, for a total of 30 pug of
HA antigen per strain) of the same influenza vaccine. Serum samples were collected at baseline before
vaccination and 2, 4, and 24 weeks after vaccination and frozen at -80 °C for further batch measurement of
influenza titers. Blood samples were collected at baseline before vaccination and 1, 2, 4, and 24 weeks after
vaccination.

HAI titers

Antibody titers against each viral strain were determined by hemagglutination inhibition assay (HAI) as
previously described. [20193791] Seraand influenza antiserum were incubated with 10% chicken red blood
cells at room temperature for 30 min and centrifuged at 10,0009 for 10 min at 4 C. Supernatants were then
collected and incubated with neuraminidase at 10 mU/mL overnight at 37°C. Sera was then incubated at
56°C for 1 h to inhibit neuraminidase activity. Twofold dilutions of sera and influenza antiserum were
preincubated with each viral strain at 4 UHA per 50ml for 1 hour and incubated with chicken red blood
cells at 0.5% for 45 minutes at room temperature. The inverse of the highest dilution of each serum sample
that gave a 100% inhibition of hemagglutination was reported as the HAI titer. HAI titers below the limit
of detection (<10) were arbitrarily assigned as 10. All samples were analyzed in triplicates.

Antigen-specific B cell Tetramers

California and New Caledonia A/H1N1 HA plasmids containing inserts for the extracellular domain of HA
fused at the C-terminus to the foldon domain of trimeric T4 fibritin, a biotinylatable AviTag sequence
GLNDIFEAQKIEWHE, and a hexahistidine affinity tag were kindly gifted by Richard Koup. [24501410]
Tetramers were produced by the Protein Production and Structure Core Facility (PTPSP) at EPFL.

Flow cytometry

Antibodiesused in this study were CD3-BV510 (UCHT1), CD19-APC-Cy7 (SJ25C1), CD38-V450 (HB7),
1gG-BV605 (G18-145), IgD-PE-CF594 (1A6-2), CD21-PE-Cy7 (B-ly4), CD27-APC (M-T271), CD24-
PerCP-Cy5.5 (ML5), CD20-Alexa Fluor 700 (2H7) and purchased from BD Biosciences. IgM-FITC
(MHM-88) and Live/Dead Aqua were purchased from Biolegend and Thermo Scientific, respectively. For
the cTfh panel, the antibodies used were CD3-PE (UCHT1), CD4-APC-H7 (RPA-T4 ), CXCR5-Alexa
Fluor 647 (RF8B2), CXCR3-Pacific Blue (1C6), PD-1-PE-Cy7(EH12.1), ICOS-PerCP (DX29), CD45RO-
FITC (UCHLLY). Total PBMCs for all timepoints for each donor (3 donors each batch) were thawed at the
same time and PBMCs were counted to 5 million PBMCs per test. For tetramer staining, total PBMCs were
washed in PBS and incubated with 5ug/mL of HIN1 tetramer-AviTag for 30 minutes at 37 C in PBS.
Afterwards, PBMCs were washed again in PBS and surface staining with antibody cocktails for B cell
phenotype including streptavidin-PE (1:500) for tetramer detection. Cells were washed and fixed in 2%
formaldehyde before running on the flow cytometer.
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Figure 1. Vaccine immunogenecity measured by HIA titer responses

HIA titers were measured for all donors at baseline, 2 weeks, 4 weeks and 24 weeks post vaccination. (A) Geometric
mean of vaccine responses for each group. (B) Seroprotection at baseline and at 2 weeks post-vaccination. (C) Serocon-
version rates were measured at 4 weeks for different age groups and seroconversion against 1 or more strains were
measured within age groups
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(A) Memory B cell response to CA/2009 tetramer shown over time on a representative donor. (B) Mean frequencies and
absolute counts shown for each age group over time. (C) Induced frequencies and absolute counts of CA/2009+
IgG+ memory B cells from baseline to peak expression (2 weeks) measured across all age groups. (D)
Pearson’s correlations of CA/2009-specific IgG+ memory B cell frequenceis (arcsinh-transformed) at week 2 and 4 with
CA titer values (log-transformed) from week 2 and week 4, respectively. (E) Mean frequencies and absolute counts of
plasma cells (CD19+ CD27+ CD38++ IgG+) shown for all age groups and time points.
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Figure 3. cTFH response in different age groups with influenza vaccination
(A) Gating strategy for cTFH phenotype (CD3+ CD4+ CD45RA- PD-1+ CXCR5+) from blood. (B)
Mean frequencies and absolute counts for CXCR3+ cTfh for all age groups and time points. (C)
Induced frequencies and absolute counts of CXCR3+ cTfh from baseline to peak expression (1 week)
measured across all age groups. (D) Mean frequencies and absolute counts of CXCR3- cTfh for all
age groups and time points. (E) Induced frequencies and absolute counts of CXCR3- cTfh from
baseline to peak expression (2 weeks) measured across all age groups.
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Figure 4. Correlative responses for antigen-specifc B cells, cTth, and age

(A) Pearson’s correlation on antigen-specific memory B cell frequencies over 1, 2, 4 weeks measured against
CXCR3+ cTth frequencies (arcsinh-transformed). (B) Pearson’s correlation of cTFH and tetramer+ B cell frequen-
cies with age.
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TABLE S1: Longitudinal seroprotection rates measured by HIA quantification

Influenza strain

CA/2009 TX/2012 MA /2012
Baseline
25 —45 15 (71.4) 17 (80.9) 17 (80.9)
46 — 65 10 (52.6) 13 (68.4) 15 (78.9)
66 + SD 13 (56.5) 19 (82.6) 21 (91.3)
66 + DD 15 (68.2) 20 (90.9) 20 (90.9)
2 Weeks
25 —45 20 (100) 20 (100) 18 (90.0)
46 — 65 16 (84.2) 18 (94.7) 18 (94.7)
66 + SD 22 (95.6) 23 (100) 23 (100)
66 + DD 20 (90.9) 22 (100) 21 (95.4)
4 Weeks
25 — 45 19 (95.0) 20 (100) 19 (95)
46 — 65 16 (84.2) 18 (94.7) 19 (100)
66 + SD 22 (95.6) 23 (100) 23 (100)
66 + DD 20 (95.2) 21 (100) 21 (100)
6 Months
25 — 45 19 (95.0) 20 (100) 19 (95)
46 — 65 17 (89.5) 18 (94.7) 18 (94.7)
66 + SD 20 (86.9) 23 (100) 23 (100)
66 + DD 20 (90.9) 22 (100) 22 (100)

Seroprotection is designated as > 40 HIA titer values

Table S1. Seroprotection rates of different age groups at each time point to the 3 influenza strains. Antibody titers
were measured by HIA quantification and rates of seroprotection were determined by titer values 40 or above.
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Figure S1. Frequencies of B cell populations with different age groups for baseline, 1, 2, 4, and 24 weeks
post-vaccination. Naive (CD27-, IgD+), unswitched memory (CD27+, IgD+), switched memory (CD27+, IgD-), and
double negative (CD27-, IgD-) B cell frequencies plotted for each donor; mean and standard error bar for each
group and timepoint is overlaid.
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Figure S1. Gating strategy for memory B cell

Representative gating strategy for the detection of CA/2009 antigen-specific IgG switched memory B cells. Total
CD19+ B cells were also stratified into naive, unswitched memory, switched memory, and double negative B cell
from IgD and CD27 gating as well as CD27+ CD38++ CD20- plasma cells.
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Figure S3. Frequencies and absolute counts of CA/2009-specific IgG+ memory B cells at baseline compared to
timepoint for peak expression at 2 weeks. Each individual donor for all age groups were plotted and non-paramet-

ric paired t-test was performed.
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Figure S3. Frequencies and absolute counts of CXCR3+ / - cTfh at baseline compared to timepoint for peak
expression (1 week for CXCR3+ cTfh and 2 weeks for CXCR3- cTth). Each individual donor for all age groups
were plotted and non-parametric paired t-test was performed.
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