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ABSTRACT




Background. Programmed cell death-1 (PD-1), a member of the&beceptor family, is
reported to be expressed by activated T lymphocgitesupon the interaction with its ligands
(PD-L1 and -2) determines T cells exhaustion. PBBLLs axis is crucial in controlling T cell
activity in order to maintain peripheral toleraremed to prevent autoimmunity. For this reason,
tumor cells, up-regulating PD-L1, exploit this patty to escape immune elimination.

Although deeply investigated in T lymphocytes, PBah be also expressed by innate immune
cells (NK cells, monocytes, macrophages, dendeiits) where its function seems to be similar
to that described for T cells. In recent years, discovery of immune checkpoint inhibitors
(ICIs), antibodies directed against PD-1 or PD-lkéyolutionized the paradigm of tumors
treatment. Clinical studies demonstrated the efficaf PD-1 blockade in different types of
cancer, even in those considered non-responsiadaptive immunotherapy, suggesting that also
innate immune system can be involved in the fimal-amor activity of PD-1 blockade. Despite
the enthusiasm of the beginning, only a fractiorpafients really benefits from this treatment,
while all the others remain unresponsive. Therefeforts are required to improve the efficacy
of ICIs treatment.

Rationale. Since innate immune cells may influence the effycaf PD-1 blockade therapy, the
therapeutic stimulation of the innate immune systaeight improve PD-1 antibody efficacy.
Among innate cells immunostimulants, Toll-like rpt@'s (TLRS) agonists are the best known
for their ability to strongly activate innate imnmeunells and for their anti-tumor activity.

Aim. The present thesis is aimed to evaluate the rfolenate immune system in the context of
PD-1 blockade therapy and to explore novel comlmnaherapies.

Results. Immunodeficient mice xenografted with human ovarcancer cells IGROV-1 were
treated with CpG-ODN, TLR9 agonist, and anti-PD-ititeody alone or in combination.
Surprisingly, we observed a drastic reduction irGEPDN antitumor activity when combined

with anti-PD-1 blocking antibody. Subsequent expents revealed that anti-PD-1 antibody



alone produces an acceleration of tumor growthlieded by an increase of Argmyeloid cells

in the tumor microenvironment. These results suggethat myeloid cells can play a role in
determining the deleterious effect of anti-PD-litzody on CpG-ODN activity. This idea was
also supported by data showing thatvivo depletion of this innate immune cell population
abrogated the negative effect of anti-PD-1 antibody

Similar experiments were performed in another mows®graft model. Animals were injected
with NCI-H460 human non-small cell lung cancer (N& cell line and treated as above.
Again, we found that PD-1 blockade determined aselecation of tumor growth together with
an increase in intratumoral macrophages and*Arglls. Since blocking PD-1 in macrophages is
reported to promote their anti-tumoricidal effecfonctions, it is possible to speculate that the
detrimental effect of anti-PD-1 antibody may be doe to such blockade but instead to an
interaction of the Fc portion of the antibody wittacrophages/myeloid cells. Indeed, when H460
xenograft model was treated with anti-PD-1 F{alacking the Fc domain, no increase in tumors
growth was detected.

Several publications reported that there is a ifvacdf patients experiencing hyperprogression, a
particular aggressive and unpredictable spreatieofiisease following anti-PD-1 administration.
This condition may resemble our preclinical modd@sg. immunohistochemistry, we analyzed
tumor biopsies of NSCLC patients treated with I@le found a peculiar cluster of CD163
CD33 PD-LT" macrophages with epithelioid morphology in all ipats that experienced
hyperprogression, highlighting the role of myeloglls in inducing the detrimental effect of anti-
PD-1 antibody.

Conclusion. Our findings, describing myeloid cells as crucilayer in causing tumor
acceleration after ICI therapy, may allow the idegdtion of patients not to be treated with this

type of immunotherapy.



INTRODUCTION




IMMUNE SYSTEM AND TOLL-LIKE RECEPTORS

The immune system has the capability to defendhilmman body against external attack, as
traumatic or infective insults, by the detectiord alimination of pathogens through different
mechanisms and it is divided into innate and adaptompartments. The first niche, composed
by natural killer (NK) cells, dendritic (DC) cellsjonocytes and granulocytes, is the first line of
defense which rapidly detects invading pathogers tamors in a non-specific manner and
subsequently respond to them. Conversely, cytoljteells (CTL), T helper cells (), and B
cells form the adaptive side of the immune compantin which is activated by antigen
presentation and it is able to eliminate pathogansanting an antigen-specific respor{gdbas

AK et al, 1996, Nature)The innate immune system is evolutionarily moreient than the
adaptive counterpart and to protect the host ittraosomplish four fundamental tasks. At first, it
must rapidly detect and categorize infectious agemd recognize where they are localized
(extracellularly or intracellularly). Based on tipathogen class, innate immune defences are
activated to eradicate and/or contain temporahly infection(Krieg AM, 2006, Nat Rev Drug
Discov) Finally, innate effectors able to activate detclcells representing an important point
of connection between the innate and adaptive inemasponses. In this way, specific humoral
and cellular immune responses are enha(idedad YM, Clay TM, 2009, BioDrugs)

Innate immune cells can sense and recognize infectaigents by pattern-recognition receptors
(PRRs), which bind common molecular structures esged across broad classes of pathogens,
but absent or poorly present in vertebrates. PRR®gnize pathogen-associated molecular
patterns (PAMPSs), highly conserved components whack essential for the survival of
microorganisms, as LPS, peptidoglycan and lipopmsteéOther PRRs can recognize endogenous

stress signals, the so called danger-associatedcaiat patterns (DAMPS). Mannose receptors



(MR), Toll-like receptors (TLRs), NOD-like recepsoi(NLRs) represent different classes of

PRRs which recognize different microbial structures

The best known PRRs are the Toll-like receptorsR3). which are a family of pathogen
recognition receptors evolutionarily conserved. §LRre the mammalian homologues of
Drosophila Toll protein and belong to the interleuk receptor (IL-1R) superfamilyMedzhitov

R et al, 1997, Nature; Takeda K et al, 2003, Aneu Rnmundl In Drosophila, Toll protein is
responsible for the embryonic development of thesaleventral axis and it is important during
the adult life of the insect for antifungal proieat(Hoffmann JA, 2003, Natureln mammals, 13
TLR genes were described, 10 in humans (TLR1-1@) Ehin mice (TLR1-9 and 11-13) and
some of them are homologo(&kira S, Takeda K, 2004, Nat Rev Immunol; Albiget al, 2007,

J Intern Med) TLRs are considered sensors for microbial infexiand other "danger signals”
and they work as a bridge between the innate amddhptive immune responses.

TLRs are integral membrane type | glycoproteing #na ubiquitously expressed, from epithelial
to immune cells. Different type of immune cells eegs these receptors and, as the other PRRs,
they recognize and bind molecules which are smadiji expressed by microorganisms. These
receptors can be expressed on the cell surfagesmlei endocytic vescicles or other intracellular
organelles, according to the specificity to differgpathogengFigure 1) (Akira S, Takeda K,

2004, Nat Rev Immunol; Akira S, 2006, Curr Top Mol Immunol)
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Figure 1. TLRs can be located extracellularly or intracelily. TLRs 1, 2, 4, 5, 6, and 11 recognize thgatids on
the cell surface, whereas TLRs 3, 7, 8, and 9 acalized inside the cells. Most TLRs form homodisperhile
TLR2 heterodimerize with either TLR1 or TLR6 (Yamatm M, Takeda K, 2010, Gastroenterol Res Pract)

TLRs 3, 7, 8 and 9 are located inside the cell ipamendosomes. In particular, TLR3 binds to
double-stranded RNAAlexopoulou L et al, 2001, Naturegingle-stranded viral RNAs are
ligands for TLRs 7 and @Heil F et al, 2004, Sciencand unmethylated CpG sequences in DNA
molecules are recognized by TLR9. The other TLRsexpressed on the cell surface; bacterial,
fungal and viral PAMPs activate TLRs 1, 2, 5, 6, (T@keuchi O et al, 2001, Int Immunol;
Takeuchi O et al, 2002 J Immundfayashi F et al, 2001, Natureyvhile lipopolysaccharide
(LPS) is the specific ligand for TLR@&ang H et al, 2000, J Biol Cheml)LRs agonists bind
their receptor causing activation of innate immue#s through two major signaling pathways
(Spaner DE, Masellis A, 2007, Leukemite first pathway, which is MyD88-indipendentadis

to the production of type | interferons (IkNr ), whereas the second pathway requires MyD88
protein to activate nuclear factor-kappa B (R}, JUN kinase (JNK) and p38, leading to the
production of TNIle, IL-12, IL-1 and other proinflammatory cytokinesidainduces typical
mechanisms of innate immunitjwasaki A, Medzhitov R, 2004, Nat Immundy)yD88 is

recruited at the TIR domain of the receptors inTdlRs, with the exception of TLR3, which
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signals through MyD88-independent pathway. TLR4 aae both pathways. TLR triggering
induces maturation of dendritic cells (DCs), leadito the up-regulation of costimulatory
molecules, CD40, CD80, CD86, and to the secretibmmmnune modulatory cytokines and
chemokines. Moreover, TLRs can stimulate the peddifion of CD4 and CD8 T cells and can
reverse the suppressive function of Treg c@leng G et al, 2005, Scienc€rellin NK et al,
2005, J Immunol; Tabiasco J et al, 2006, J Immunfdditionally, CD8 cytotoxic T cells were
demonstrated to be activated by TLRs 3, 4, 7 andti®increased production of IRNand other

cytokines(Hamdy S et al, 2008, Vaccine; Ramakrishna V @07, J Transl Med)

TLR9 EXPRESSION AND LOCALIZATION

In humans, bone marrow derived cells, memory Bs¢Blernasconi NL et al, 2003, Bloodhd
plasmacytoid dendritic cells (pDCs) express TLR@dowaki N et al, 2001, J Exp Med)his
receptor was also shown to be expressed by adivhtenan neutrophils and by non-
hematopoietic cells, for example in epithelial salf the respiratory and the gastrointestinal tract
(Parker LC et al, 2007, Clin Exp Immunol; Hopkin&,FSriskandan S, 2005, Clin Exp Immunol)
TLR9 expression profile is not the same among wifie species. Indeed, in mice TLR9 was also
detected in monocytes, macrophages and conventiemalritic cells(Edwards AD et al, 2003,
Eur J Immunol; Hemmi H et al, 2000, Natur) immune cells, TLR9 was found to be located in
the endoplasmic reticulum (ER) and after engagerbgnCpG-DNA moves to endolysosomes
(Leifer CA et al, 2006, J Biol Chenijhe expression of TLR9 in epithelial cells isfelient. In
these cells, it is located on the apical or basadtmembrane and the signal transduction varies
in a tissue-specific manner. In the gut, NB-pathway is activated by the stimulation of
basolateral TLR9, whereas apical TLR9 preventskBFactivation and promotes the production

of inhibitory protein | kappa B-alphax®a), which is NF«B inhibitory protein. Moreover, when
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apical TLR9 is stimulated, tolerance to subseqié&m9 challenges is gained, suggesting that it

is involved in the control of intestinal inflammarti(Lee J et al, 2006, Nat Cell Biol)

CELLULAR SIGNALING MEDIATED BY TLR9

TLR9 binds particular sequences of nucleic acides@mt in bacterial and viral DNA,
characterized by non-methylated CG (CpG) dinuadtkssti In vertebrates, CpG motifs are almost
always methylated and are less represented compartebir frequency in bacterial and virus
genomes, which generally contain CpG dinucleotierye 16 basegKrieg AM, 2007, Proc Am
Thorac Soc) After the endocytosis or phagocytosis of pathggenthe infection by viruses,
when the microbial DNA is in the endosomal or ly@oal compartment, TLR9 can interact with
CpG-DNA at acidic pH, essential condition for DNAcognition. In fact, drugs that prevent
acidification of the endosomal compartment, sucletdsroquine and bafilomycin Al, interfere
with the TLR9 activation. TLR9 signaling cascadeadlves mitogen-activated protein kinases
(MAPKS), c-Jun NH2-terminal kinase (JNK), extraoldr receptor kinase (ERK) and NdB-
inducing kinase (NIK)-IKK-kB pathways and it ends with the activation of salv&anscription
factors, such as NkB, activating protein-1 (AP-1), cAMP-responsive rent-binding protein
(CREB), and CCAAT/enhancer binding protein (C/EBRYJucing cytokines and chemokines
gene expressiofFigure 2) (Hacker H et al, 1999, EMBO J; Yi AK et al, 20@2Jmmunol;

Hartmann G, Krieg AM, 2000, J Immunol)
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SYNTHETIC CpG OLIGODEOXYNUCLEOTIDES

Several synthetic molecules that mimic CpG-unmeitiegl DNA sequences were generated in
order to obtain TLR9 activation without using baigkeproducts. Modifications of nucleotide
bases, in backbone or in secondary and tertianctstres, were introduced to influence the
stimulatory properties of these synthetic compouaad made them able to better stimulate an
immune respons@-igure 3).

The B-Class ODN stimulates human B cells and theuragon of human pDCs and monocytes
and one or more 6mé&pG motif with the general formula “purine-pyrinme-C-G-pyrimidine-
pyrimidine” are presentKrieg AM et al, 1995, Nature)The optimal human CpG motif is the
6mermotif 5-GTCGTT-3 (Hartmann G, Krieg AM, 2000, J Immunolyhereas the optim&pG
motif in mice is 5GACGTT-3 (Hartmann G et al, 2000, J Immunoffhemical modifications

that affected the sugar moiety, the backbone oh#terocyclic nucleobase, such as 2’-Omethyl
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or 2’-O-methoxyethyl sugar, phosphorothioate madiions, locked nucleic acid (LNA), can
modify the activity of B-Class ODN. Moreover, trength, number, spacing, position and type of
bases surrounding CpG motifs can influence themumostimulatory activity. G runs with PS
linkages at the 5 and 3’ ends surrounding a phodigster palindromic CpG-containing
sequence define the A-Class CpG-O#tug A et al, 2001, Eur J ImmunolThis class of
synthetic CpG oligodeoxynucleotides strongly stiate$ IFNt and IFN3 production, but it is
weak in inducing other TLR9-dependent effects. é&gorted for B-Class, length, modifications
of the base, sugar or backbone influence A-Classgitgc

The CpG C-Class has a stimulatory hexameric CpGf imtodr near the 5end and is linked by a
T spacer to a GC-rich palindromic sequerfg®llmer J et al, 2004, Eur J Immunognd

combines characteristics of the A- and B-Classes.

A-class ODN 2216

CEHAHAA VOO TDOCDOGHSEHHC

o CpG are phosphodiester, in palindrome
e Strongly induce pDC IFNo. secretion

® Moderately induce pDC maturation

¢ Poorly induce B-cell proliferation

B-class ODN PF-3512676

©,C9.0,C0.00.0,0,0,0,CC000,0,0,0,9.000,

® Phosphorothioate backbone, linear
e Strongly induce B-cell proliferation and pDC maturation
e Poorly induce pDC IFNo. secretion

C-class ODN 2395

¥ (DO OOOOCOOCOOOOOO0-¥
- OGOV OTDOODCOT-

* Phosphorothioate backbone, 3" palindrome forms duplex
¢ Has combined intermediate effects of both the A- and B-classes

Figure 3. Three major classes of CpG-ODN (Krieg AM, 2006t Rav Drug Discov)

14



STIMULATION OF INNATE AND ADAPTIVE IMMUNITY BY CpG- ODN

Immune cells, which constitutively express TLR® activated by CpG-ODN. CpG-ODN can be
administered in saline and is taken up spontangdisimost immune cells, in particular B and
pDCs cells, but its uptake is not restricted tdscekpressing TLRO.

There are two types of immune responses. TH1 regpavhich mounts in order to fight
intracellular infections and involves NK cells a@d'Ls with the lysis of infected cells and TH2
immune activation which is directed to the secretd specific antibodies. Between these two
responses, the first is the most desired for catieapy since it will be directed to kill tumor
cells and it is the one triggered by TLR9 activati@LRs engagement stimulates antigen-
nonspecific immunity and subsequently activategyantspecific adaptive immunit§Figure 4).
Different classes of TLR9 agonists activate innateunity with a predominantly TH1 response
and the production of cytokine and chemokine byelsand pDCs, and in a second time also by
other immune cells. Furthermore, B and pDC cellsgaregulate costimulatory molecules, such
as CD80 and CD86, TNF-related apoptosis-inducigand (TRAIL) and CC chemokine receptor
7 (CCRY7). TRAIL can induce tumor cell death, wher€CR7 can induce the migration to the
lymph nodes in the T cell zone, with augment inppsis resistancwasaki A, Medzhitov R,
2004, Nat Immunol)in this way the activation of TLR9 can promotentur regression through
the production of antitumor factors, as kelind TRAIL, and the activation of NK cell-mediated
tumor killing (Krieg AM, 2006, Nat Rev Drug Discovip addition, antigen-specific antibody and
T cell immune responses followed pDC and B celluraton and pDCs are able to induce
effective CD4 and CD8 T cells responses. Since TLR9 stimulation enhatteegproduction of
antigen specific antibodies, CpG-ODN might be uasdsaccine adjuvant in order to induce a

strong TH1-biased immunity.
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Figure 4. Activation of innate and adaptive immunity by TLR&ivation (Krieg AM, 2007, J Clin Invest)

PRECLINICAL STUDIES AND CLINICAL TRIALS OF TLR9 AGO NISTS

CpG-ODN have shown moderate success in severalamoosels in inducing the reduction of
established tumors, either when used alone or mbamation with other antitumor treatments
(Krieg AM, 2004, Curr Oncol RepYhe antitumor efficacy of CpG-ODN as monotheraan
vary and it depends on tumor type. Several faatoag impact on its mechanism of action: the
susceptibility of tumors to immune effectors, tuniHC expression, and even TLR9 expression
by tumor cells(Ballas ZK et al, 2001, J Immunol; Carpentier AF a 1999, Cancer Res;
Lonsdorf AS et al, 2003, J Immunofn important factor that influence the efficacly @G-
ODN treatment is represented by the route of adstration. Systemical administration was seen
to be less efficacious, whereas peritumoral oltotnoral injection is very effective in treating
different tumors, as reported by several publicatigieckelsmiller K et al, 2002, J Immunol;
Kawarada Y et al, 2001, J Immunol)

Promising results obtained in several preclinicaldels paved the way for the development of

clinical trials to test the efficacy of CpG-ODN different cancer types. For example, a phase |
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clinical trial in Non-Hodgkin’s lymphomas (NHL) pants, previously treated with standard
therapy, demonstrated the safety of CpG-ODN Agaimdi, which produces immunomodulatory
effects(Link BK et al, 2006, J Immunothefurthermore, Agatolimod was used in combination
with Rituximab in NHL patients, either subcutandgus intravenously, without increasing the
toxicity of Rituximab alonglLeonard JP et al, 2007, Clin Cancer Re8patolimod was also
used in a multicenter phase | study in patients &idvanced renal cell carcinoma, who showed
biological responses after treatment, consisterth WILR9 agonists mechanism of action
(Thompson JA et al, 2004, J Clin Oncol, (July 1%pdement; abstract 4644))Different
protocols tested CpG-ODN alone or in combinatiorthwother drugs also in melanoma.
Pashenkov and his group showed that Agatolimodnreat may stimulate an innate immune
response in melanoma patients. Moreover, it wastifted a panel of biomarkers associated with
tumor regression in response to TLR9 activa{lashenkov M et al, 2006, J Clin Oncol)

The results of the published clinical trials dentaated that CpG-ODN anti-tumor activity is not
very impressive as monotherapy, but it can sucokgdie used in combination with other anti-

tumor agents.
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PROGRAMMED CELL DEATH-1

Programmed cell death-1 (PD-1) is a receptor whielongs to the CD28 receptor family. It is
reported to be expressed by T lymphocytes, bus ialso described to be present on innate
immune cells. After the interaction with its ligandPD-L1 and PD-L2, it is involved in the
inhibition of T cell activation; indeed, PD-1/PD-Lgathway is important in maintaining

peripheral tolerance and preventing autoimmunity.

STRUCTURE OF PD-1 AND ITS LIGANDS

PD-1, also known as CD279, is a type | transmengycoprotein of 50-55 kDa (288 amino
acid). This protein is composed of an immunoglabwariable region (IgV)-type extracellular
domain, a stalk separating the IgV domain fromglasma membrane made of approximately 20
amino acids, a transmembrane domain, and an ifitrieecedomain containing tyrosine-based
signaling motifs. The membrane proximal cysteinesideée which is necessary for
homodimerization is not present in PD-1, so it pialp exist as a monoméZhang X et al, 2004,
Immunity) In the cytoplasmic tail, PD-1 contains two tyresiresidues: the membrane proximal
one with the N-terminal sequence VDYGEL which forars immunoreceptor tyrosine-based
inhibition motif (ITIM) known to recruit SH2 domaioontaining phosphataséNeel BG et al,
2003, Trends Biochem Sand the second one which contains the immunoreceptosine-
based switch motif (ITSM) with the C-terminal segqoe TEYATI. PD-1 is encoded by the
Pdcdlgene on human chromosome 2, while in mice it isfmomosome {Keir ME et al, 2008,
Annu Rev Immunol.Pdcdlis constituted by 5 exons in both species, eachhi¢h encodes a
specific part of the protein. PD-1 has differenticgp variants which have been cloned from
activated human T celiNielsen C et al, 2005, Cell Immunelhd all of these are expressed in

18



resting peripheral blood mononuclear cells (PBM@ssh level similar tcthe one of the full-
length protein.

The two identified ligands for F-1 are programmed death-1 ligahddC-L1 or B7-H1 or
CD274) and the programmed de-1 ligand-2 (PD-L2 or BDC or CD273). Both of these tw
ligands are type | transmembrane glycoproteins \g- and IgViype extracelllar domains.
PD-L1 and PDE2 share 40% amino acid identity with each otand 20% with B7 molecule
(Okazaki T, Honjo T2007, Int Immunol. PD-L1 is encoded by theéd274gene on chromoson
9 in human and on chromosome 19 in mouse and atljgcent to te Pdcdllg2gene which
encoded for PD-L2A crystal structure analysis reveals how-1 interacts wittPD-L1 or PD-
L2. As shown inFigure 5, the frontp-face of PD-1 binds to th@face ofits ligand: (Lin DY et

al, Proc Natl Acad Sci U S A. 20..

PD-L1 V domain

Figure 5. The PD1/PLC-L1 interface Lin DY et al, 2008, Proc Natl Acad Sci U S

19



EXPRESSION OF PD-1, PD-L1 AND PD-L2

PD-1. Programmed cell death-1 is expressed on activated énd CD8 T cells, B cells,

activated monocytes, natural killer (NK) cells, detic cells (DCs), and on CDA4ACD8
thymocytes. When was discovered, PD-1 was thoughetpreferentially expressed in apoptotic
cells(Ishida Y et al, 1992, EMBO)Jbut it was later understood that its importaie iis related
to the maintenance of peripheral tolerance andacell death.

PD-1 expression is induced after T cells activatimough the T-cell antigen receptor and also
through some cytokines, (i.e. IL-2, IL-7, IL-15 afid21) (Kinter AL et al, 2008, J Immunal.)
Nuclear factor of activated T-cells cytoplasmicNIFATc1) is a transcription factor required for
PD-1 transcription in T cells after its bindingttee PDCD1 promoter(Oestreich KJ et al, 2008, J
Immunol.) Forkhead box O1 (FoxO1), Notch, and interferayutatory factor 9 (IRF9) are other
transcription factor able to promote PD-1 trandwip In particular, FoxO1, in addition to
upregulating PD-1, it defines a positive feedbaop| since PD-1 signaling prevents FoxO1
degradation. On the other hand, T-box transcriptemtor TBX21 (T-bet) directly and actively
represses PD-1 transcriptigiferawaki S et al, 2011, J ImmunoEtaron MM et al, 2014,
Immunity; Mathieu M et al, 2013, Immunol Cell BioKao C et al, 2011, Nat ImmunolRurther
epigenetic modifications and several microRNAs iarolved in controlling PD-1 expression.
During CD8 T cells differentiation, a transient DNA demethiga at Pdcdllocus in naive T
cells is followed by a new DNA methylation to bea@iiunctional memory T cells. In contrast,
there is a dramatic demethylation in PD-1 promofezxhausted CD8T cells and a subsequent
imprinting during the effector phase of CD8 T ceklhaustion(Youngblood B et al, 2011,
Immunity; Ahn E et al, 2016, J VirolHistone methylation/acetylation are also involvedhe
control of Pdcdl transcription. Different activation markers, suab histone H3 lysine 4

monomethylation (H3K4mel), H3K27 acetylation, H3KSnd H3K27ac are enriched in PD-1
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promoter to induce the transcription of PD-1 on CD&ellsin vitro (McPherson RC et al, 2014,

Elife; Lu P et al, 2014, J Exp Med.)

PD-1 ligands. T and B cells, DCs, macrophages, bone marrow-deriveast cells

constitutively express PD-L{yamazaki T et al, 2002, J ImmunoPD-L1 is not only expressed
on hematopoietic cells, but also on other cell $ypdter activation, such as on lung cells,
fibroblastic reticular and mesenchymal stem cdiller non-parenchymal, vascular endothelium,
and also on pancreatic islets, astrocytes and ikecytes (Keir ME et al, 2008, Annu Rev
Immunol.) PD-L1, and to a lesser extent PD-L2, are oftearexpressed on tumor cells as a
mechanism exploited by cancers to avoid immuneesilauce (Iwai Y et al, 2002, Proc Natl
Acad Sci U S A)PD-L1 has a broader expression than PD-L2, wisghducibly expressed on
DCs, macrophages, and bone marrow-derived mastamail on 50% to 70% of resting peritoneal
Bl cells (Zzhong X et al, 2007, Eur J ImmunolDifferent mechanisms are involved in the
regulation of PD-Ls expression. IL-2, IL-7 and IB-Induce PD-L1 expression on T cells,
monocytes and macrophages and alsoylEdhtrols the expression of this ligand. Whereag 0L
stimulates PD-L1 expression on monocytes, IL-4 ardnulocyte macrophage colony-
stimulating factor (GM-CSF) upregulate PD-L2 on DQ@3hinai JM et al, 2015, Trends
Pharmacol Sci.)Different pathways disregulated in cancer cedls control and modify PD-L1
expression in tumor. Loss of PTEN and the subsaquesr-activation of the PI3K/Akt pathway
(Parsa AT et al, 2007, Nat MedBEGFR mutationAkbay EA et al, 2013, Cancer Discoar)d
NRAS mutation (Johnson DB et al, 2015, Cancer Immunol Rethe induction of the
transcription factor hypoxia-inducible factos-IHIF-1a) (Noman MZ et al, 2014, J Exp Med.)
and also microRNAs can play a role in PD-L1 regafat

PD-L1 and PD-L2 are the only known ligands for POHbwever, these two ligands have other
binding partners. PD-L1 can also interact with B&xpressed on T cel(8utte MJ et al, 2007,

Immunity) whereas PD-L2 on dendritic lung cells can inteveith repulsive guidance molecule
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B (RGMB) expressed on alveolar macrophages, intiafstnacrophages and alveolar epithelial

cells(Xiao Y et al, 2014, J Exp Med)hese interactions seem to be generally inhibitory.

PD-1 SIGNALING PATHWAY

PD-1 signaling was mainly studied in activated Wisc@g-igure 6). Upon ligand engagement, the
two intracellular tyrosine motifs of PD-1 are phbeplated, and then the binding of
phosphatases downregulates antigen receptor signayi the dephosphorylation of signalling
intermediates. In particular, two phosphatases 8étflain containing tyrosine phosphates 1
(SHP-1) and SHP-2 bind to the ITIM and ITSM motfsPD-1(Sheppard KA et al, 2004, FEBS
Lett) and trigger this inhibitory signal. Between theotimhibitory motifs, ITSM appears to play
the main role. Indeed, when ITSM is mutated PDskoits inhibitory functioChemnitz JM et
al, 2004, J Immunol)Moreover, SHP-1 interacts more weakly with PD-inpared to SHP-2,
although both of them are recruited to the antigereptor signaling complefOkazaki T et al,

2001, Proc Natl Acad Sci U S.A)
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Figure 6. Effect of PD-1 on major signaling pathways and egpent metabolic reprogramming in T cells (Bardhan
K et al, 2016, Front Immunol)
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PD-1 have to be close to the antigen receptorhibiinits signaling. During T cell activation, PD-
1 changes its distribution and translocates to mhyoal cell receptor microclusters, where it
exerts its inhibitory effects by the recruitmentSHP-2 into the synapse, proximal to the T cell
receptor. The ligation of PD-1 induces the inhditof the activation of T cell receptor proximal
kinases and it attenuates Lck-mediated phosphaglaf ZAP-70 and initiation of downstream
events(Sheppard KA et al, 2004, FEBS Lett)

One important target of PD-1-mediated inhibitiorthe PI3K-Akt pathwayPatsoukis N et al,
2012, Sci Signal.)The recruitment of SHP-2 can block the activatdrPI3K (Parry RV et al,
2005, Mol Cell Biol.) PTEN, a serine-threonine phosphatase, opposextivation of PI3K and
suppresses the PI3K-Akt pathway. During T cellsvatibn, CK2 phosphorilates PTEN in the
S380-T382-T383 cluster which promotes PTEN stabilieducing PTEN phosphates activity.
PD-1 inhibits CK2-mediated PTEN phosphorylation aod°TEN phosphates activity is induced
and represses PI3K-Akt signalifgazquez F et al, 2000, Mol Cell Biol.; Torres Jlio R,
2001, J Biol Chem.; Patsoukis N et al, 2013, Mdl 8ml.).

Another signaling pathway regulated by PD-1 is tas/MEK/ERK pathway. In T cells,
activated RasGRP1 plays an important role for ttevaion of Ras and its downstream signal,
and calcium and diacylglycerol downstream of PL@etivate RasGRP@Bivona TG et al, 2003,
Nature) PD-1 inhibits the activation of PLC-p and Rasdi@g to a diminished activation of the
MEK/ERK pathway(Patsoukis N et al, 2012, Sci Signal)

PD-1 has also an inhibitory effect on the B celtemor (BCR) signaling. After PD-1
engagement, SHP-2 is recruited to the ITSM tyrosiné BCR-mediated Gamobilization and
tyrosine phosphorilation of effector molecules areibited (Okazaki T et al, 2001, Proc Natl
Acad SciU S A)

PD-Ls ligands not only may influence responsesr dfte engagement of PD-1, but also may

deliver signals into cells which express PD-L1 &-2 ligands. Growing evidences support this
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“reverse” signaling, although PD-Ls ligands havéyom short cytoplasmic tail which do not
contain canonical conserved signaling motifs. PD-#Xpression on cancer cells leads to
expression of glycolisis genes and enhanced glyjcatietabolism, through PI3K-Akt pathway,
and this state is reversed after treatment withRIDtL1 antibody(Chang CH et al, 2015, Cell)
There is increasing evidence that PD-1 signalisg aifluence the metabolic reprogramming in
T cells (Figure 6). During their activation, T cells switch their rabblism from a quiescent
phenotype, when oxidative phosphorylation is thenie@ant metabolic program, to aerobic
glycolysis, important to support growth, prolifacet and effector functiongO'Sullivan D,
Pearce EL2015, Trends ImmunolBD-1 signaling can interfere with this processjbiting the
up-regulation of glucose and glutamine metabolisived by TCR and CD28 signaling.
Moreover, PD-1 pathway can promote lipolysis arttyfacid oxidation. Thus, PD-1 may alter T
cell differentiation acting on T cell metabolismdathis modification establish a more oxidative
environment, as indicated by diminished levelsenfuced glutathionéPatsoukis N, et al, 2015,
Nat Commun.)This altered T cell metabolic program induced?i3+1 engagement may have an
active role in T cell dysfunction during chronidentions and cancer, making this pathway of

more therapeutic importance.

BIOLOGICAL SIGNIFICANCE OF PD-1

PD-1/PD-Ls pathway is crucial for the regulatiomnofmal host physiology. Its inhibitory signal
plays a crucial role in central and peripheral tmbee and it is important to protect self tissue
from autoimmune responses. PD-1 pathway is impbrtan its role in regulating T cell
exhaustion, but it has also a crucial role in mattan and evolution of T cells, since it is invalve
in shaping the magnitude of T cell response, inlag T cell differentiation and effector T cell

fate and for the development of immunological mgmdndeed, PD-1 and its ligands are
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involved in the maturation of thymocytes and camtdbute either to positive and negative
selection. Moreover, PD-1 is also important in biting response of self-reactive T cells during
peripheral tolerance since it controls the inteoaicbetween naive self-reactive T cells and DCs

(Keir ME et al, 2008, Annu Rev Immunol.)

PD-1 in autoimmunity

PD-1 pathway is critical in the maintenance of tahee and, as a consequence, it is implicated in
autoimmunity. The first evidences of this role cafmem studies in PD-1 deficient mice.
C57BL/6 Pdcdl KO mice developed a mild glomerulonephrifiNishimura H et al, 1999,
Immunity) whereasPdcdI” Balb/c mice were reported to manifest a dilaterticanyopathy
(Nishimura H et al, 2001, ScienceQther studies performed in different mice autoume
models explored the role of PD-1/PD-Ls in autoimityun

In non-obese diabetic (NOD) mice, PD-L1 was foumdbé up-regulated on pancreatic islet cells
and loss or blockade of PD-1 or PD-L1 resulted na@d and exacerbated diabetes. Moreover,
there was a severe insulitis and T cells produgeihflammatory cytokinegLiang SC et al,
2003, Eur J Immunol; Ansari MJ et al, 2003, J Expd¥l

PD-1, PD-L1 and PD-L2 play also influential rolesx iexperimental autoimmune
encephalomyelitis (EAE) pathogenesis of human mleltsclerosigLiang SC et al, 2003, Eur J
Immunol) Neutralizing antibody used to block PD-1 or PD-di&ing EAE accelerated disease
onset and severity and it was associated with as@@ myelin oligodendrocyte glycoprotein
(MOG)-reactive T cell and antibody and with more £Mflammatory infiltrategSalama AD et

al, 2003, J Exp Med)t has also been reported that PD-Inlyeloid DCs reduced EAE severity
in CCR6-deficient mic€Elhofy A et al, 2009, J Neuroimmunol)

Regulatory T (Treg) cells are important in the nheance of peripheral tolerance, since they can

suppress activated T cells. Tregs are reporteckpoess PD-1 and PD-L1, which are important
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for their regulatory functiongBaecher-Allan C et al, 2003, Novartis Found Synipdleed, in
colitis models it was identified a CD£D25 PD-I" regulatory subpopulation able to inhibit the
development of colitigTotsuka T et al, 2005, Eur J Immundijoreover, PD-L1 expression is
important in CD4 DX5" T cells suppressive population for their inhibjtactivity (Hornung M

et al, 2006, Eur J Immunol)

Several PDCD1 single nucleotide polymorphisms (SNiRse been reported in association with
human autoimmune disea@&eir ME et al, 2008, Annu Rev Immunpbit it is not yet clear their

mutual relation and the effects that these SNP&higve in PD-1 engagement.

PD-1 in viral infections

PD-1 has also an important role in the immune nespan infections. During chronic infections,
the sustained high levels of antigen exposure @R28" T cells to exhaustioWherry EJ, 2011,
Nat Immunol) The importance of PD-1 during this process wa®nted in a murine model of
chronic LCMV infection, where there was describbd PD-1 up-regulation on virus specific
CDS8 T cells in the acute period, which remains higbxhausted cells till the infection turns into
its chronic phase. However, PD-1 rapidly increasdle acute phase and it is then followed by a
sharp decreag@®arber DL et al, 2006, Naturep similar phenomenon was subsequent reported
for simian immunodeficiency virus (SIV), human imnageficiency virus (HIV), hepatitis B
virus (HBV), hepatitis C virus (HCV) infection®elu V et al, 2009, Nature; Day CL et al, 2006,
Nature; Boettler T et al, 2006, J Virol; Urbani $a, 2006, J Virol) Moreover, the group of Iwai
showed that PD-1 KO mice infected with experimemtdénovirus eliminated the virus more
rapidly than wild-type micélwai Y et al, 2003, J Exp Med)

Therefore, blocking PD-1 pathway might be of ingéreince it can reverse the exhausted
phenotype in chronic infections, inducing the cieme of the virus. It was reported that blocking

PD-1/PD-L1 interaction improves virus specific Tlgdunctionality (Ha SJ et al, 2008, J Exp
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Med) Thus, PD-1 is important for the pathogen cleagabecause either it fine tunes the
lymphocyte reaction and at the same time it presvanstrong T cells attack which can destroy

tissues.

PD-1 in anti-tumor immunity

Tumors are able to evade host immune responsegreoptenon called “cancer immune editing”.
Subsequent to an initial immune surveillance phdseng which tumors are supposed to be
recognized by T cells through their “neo-antigepsdsented on MHC molecules, a tolerogenic
microenvironment is created in order to establisindr tolerance. It is clear that PD-1/PD-Ls
pathway is involved in this process, since thishpaty is exploited by cancer cells to escape
immune surveillance.

PD-L1 and PD-L2, although to a lesser extent, apgessed on a wide variety of tumor cells and
correlate with adverse prognosf§hompson RH et al, 2004, Proc Natl Acad Sci U S A;
Hamanishi J et al, 2007, Proc Natl Acad Sci U SHno R et al, 2010, CancerOther
components of the tumor microenvironment were fodwodexpress PD-1 ligands, such as
macrophages, preferentially M2, myeloid cells, miglsuppressor cells (MDSC), stromal
fibroblasts and endothelial cells.

The interaction between PD-1 and PD-L1 promotescerartells survival and inhibits the
activation of pathways important for survival, erpen and T cells differentiation, leading to
tumor tolerance because memory and effector T gelieeration is inhibited and, at the same

time, the differentiation of Treg and exhausteceliscis promotedFigure 7, left side).
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Figure 7. (Left) Binding of PD-1 to its ligands activates antiafmtiz signals which promote cancer cells survival.
(Righ Anti-PD-1 or anti-PD-L1 antibodies that block gshimmune checkpoint enhance the antitumor T cell
responses and cancer cells death (Bardhan K205, Front Immunol)

Furthermore, PD-1 levels increased on tumor iafiitig T cells, which has impaired effector
functions and an exhausted phenot{pbmadzadeh M et al, 2009, Bloo&ven though PD-Ls
expression is a worse prognostic element, on ther dtand their up-regulation correlates with a
better clinical response to PD-1 or PD-L1 blockaddich leads to tumor regression and
rejection, enhancing antitumor T cell respon$agure 7, right side).

It is important to take into account the heterogignef the tumor microenvironment, which

varies with tumor types and might influence theceify of therapy based on PD-1 blockade.

PD-1/PD-L1 BLOCKADE IN CANCER THERAPY

Cancer cells exploit PD-1 pathway to promote immuewasion. Therefore, blocking the

interaction between PD-1 and its ligands can imerdv cell functions and can induce a
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regression in tumor growth. Clinical trials demoattdthe success of treatment with antiboc
against PD-1 and/or PDt in different kind of tumor: The first immune checkpoint inhibit
approved by the U.$=0od and Drug Administration (FDA) was Ipilimumab2010, a CTL+4

(Cytotoxic TLymphocyte Antigen ) inhibitor, for the treatment of melanon(Hodi FS et al,
2010, N Engl J Med)Then, antibodies against -1/PDL1 pathway were developed wi
remarkable response, showibgtter clinical benefits and better toxicity prefin comparison to
antibodies targeting CTLA-4Larkin J et al, 2015, N Engl J Me. Indeed, immun-related
adverse events (irAEs) associated with these atigboinclude colitis, diarrhea, pancrea
neurologic and hematologic adverse effects, bugethexicities are ss common and less sev
than the ones observed after -CTLA-4 antibody treatmenio date, a rapidly growing numb
of PD-1 signal inhibitors aremerging and used for the treatment of differepesyof solid an:

hematological malignant tumc (Table 1).

Table 1. CTLA-4-, PD-1-, and PD-L1-Blocking Agents in Clinical Development

Target Agent Antibody Class Developer Stage of Development

CTLA-4 ipilimumab human lgG1 Bristol-Myers Squibb FDA approved (melanoma)
tremelimumab human IgG2 Medimmune and Pfizer phase lll

PD-1 nivolumab (BMS-936558) human IgG4 Bristol-Myers Squibb FDA approved (melanoma, NSCLC, RCC)
pembrolizumab (MK-3475) humanized IgG4 Merck FDA approved (melanoma, NSCLC)
MEDID680 (AMP-514) humanized IgG4 Medimmune phase |
pidilizumab (CT-011) human lgG1 CureTech phase lI

PD-L1 durvalumab (MEDI4736) human IgG4 Medimmune phase Il
atezolizumab (MPDL-3280A) human IgG1 Genentech phase lll
AMP-224" NA Amplimmune phase |
MDX-1105/BMS-936559 human lgG4 Bristol-Myers Squibb phase |
avelumab (MSB0010718C) human lgG1 Merck Serono phase lI

NA, not applicable.
2PD-L2 fusion protein.

Table 1. Anti-CTLA-4, anti-PD4 and an-PD-L1 antibodies in clinical trialsQallahan MK et al, 2016, Immun)

For example, Nivolumab anBembrolizumab, two anti-PD-1 antibodidseper investigated

clinical trials are fully human IgG4 and humanized IgG4 monodlanéibodies, respectively.
was decided touse IgG4 isotypein order to decrease antibody dependent -mediating
cytotoxicity (ADCC) and complement dependent cytatidy (CDC). The first blocking ager

against PDt reported to have clinical activity in several égpof cancewas Nivolumab. As
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reported inTable 1, now there is a number of additional PD-1- or PDHlocking agents that

have demonstrated clinical activity in differenticar types.

PD-1 blockade in melanoma

Melanoma is an immunogenic tumor. Melanocytes esgpeD-L1 and their interaction with
tumor infiltrating lymphocytes (TILs) through PDebntributes to immune evasi¢haube JM et
al, 2012, Sci Transl Med)in December 2014 Nivolumab was approved for péiewith
melanoma previously treated with Ipilimumab or BRA#hibitor, but whose disease state
progressed anyway. In a phase | study of patierntis wefractory melanoma, there was an
objective response rate (ORR) of 31%. Although 28620f patients occurred serious adverse
events (grade 3/4), the efficacy and acceptabktysaf Nivolumab was demonstrat€bopalian

SL et al, 2014, J Clin Oncol)Subsequently, a phase Il study compared Nivolumath
Dacarbazine (DTIC, a chemotherapy used in the nreat of melanoma) in patients with
melanoma without B-Raf mutation. Nivolumab was assted with a better ORR (40% vs 14%)
and survival benefit (73% vs 42%) when compareDdoarbazine arfRobert C et al, 2015, N
Engl J Med) Moreover, adverse effect were reduced and PD-sitige tumors had a better
response than PD-L1 negative tumors (53% vs 33%nbther phase Il trial, Nivolumab was
compared to chemotherapy in patients with advanoeglanoma who progressed after
Ipilimumab treatment. The response rate in Nivolangaoup was higher (32% vs 11%) with
durable tumor regressidiVeber JS et al, 2015, Lancet Oncol)

Other promising clinical trials were conducted ésttPembrolizumab. A phase Il dose escalation
trial in patients with Ipilimumab-refractory melama compared two dose levels of
Pembrolizumab to chemotherafflamid O et al, 2013, N Engl J MedBoth groups which
received Pembrolizumab had clear benefit with 6-moprogression free survival (PFS)

compared to chemotherapy group. Another phasdudlysin patients with advanced melanoma,
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where again two different administration scheduese tested and compared to Ipilimumab,
provided evidences that Pembrolizumab improvedigairvate (Robert C et al, 2015, N Engl J
Med.) Based on these results, Pembrolizumab was apprbyeFDA for the treatment of

Ipilimumab- or BRAF inhibitor-refractory metastatizelanoma patients.

PD-1 blockade in NSCLC

It was surprising that PD-1 pathway blockade showigghals of activity against lung cancer
since, unlike melanoma, this tumor type was gehensidered not to be an immunogenic
tumor. In non-small cell lung cancer (NSCLC) PD{/P1 axis is activated by oncogenic
signaling through PI3K or EGFR pathway or cytoksecretion(Pardoll DM, 2012, Nat Rev
Cancer) In 2015 FDA approved Nivolumab for the treatmehsquamous NSCLC patients who
progressing after platinum-based chemotherapy. $e descalation phase | trial revealed that
patients with squamous and non-squamous cancers heell response, with a low grade of
toxicities (Topalian SL et al, 2012, N Engl J Med) phase lll trial in patients with metastatic
squamous NSCLC compared Nivolumab to Docetaxelthén Nivolumab group there was a
significant improvement in median overall surviy@S) (Borghaei H et al, 2015, N Engl J Med)
Other clinical trial assessed the efficacy andtgadé Pembrolizumab and based on these studies
FDA approved this anti-PD-1 antibody also for treatment of PD-L1-positive NSCL(aron

EB et al, 2015, N Engl J Med)

PD-1 blockade in other cancers

Other clinical trials investigated the effectiveeusf anti-PD-1 and/or PD-L1 agents in multiple
tumor types.
For example, FDA approved the use of Nivolumathatherapy for renal cell carcinoma (RCC),

an immunogenic tumor, like melanoma. In a randoohipbase Il trial different doses of
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Nivolumab, specifically 3 doses, were tested, andolNmab treatment showed long-lasting
objective response in 22% of the patiefM®tzer RJ et al, 2015, J Clin OncoRBembrolizumab
was also evaluated in the treatment of naive natafRCC patients.

Hodgkin lymphoma was another tumor in which PD-dckhde resulted very efficacious, maybe
since the amplification of 9p24.1 results in anréase of gene dosage of PD-L1 and PD-L2. A
phase | study on 23 patients treated with NivolunrsAbwed 87% of ORR with a 17% of
complete response raggnsell SM et al, 2015, N Engl J Med)

PD-1 blockade was also tested in ovarian cancevhioh there is a negative correlation between
the expression of PD-L1 and the number of intré&eicl TILs, and therefore in which the high
PD-L1 expression is associated with a poor prognétamanishi J et al, 2007, Proc Natl Acad
Sci U S A)In one study 20 patients with relapsed platinesistant ovarian cancer were treated
with Nivolumab and the best overall response w&,\Bith 2 patients with a durable complete
respons€Hamanishi J et al, 2015, J Clin OncoAnother non-randomized, multicohort phase Ib
study evaluated the effect of Pembrolizumab in iewacancefWeiss L et al, 2016, Memdjhe
observed objective response rate was 11,5% and cantlbe 26 patients treated with

Pembrolizumab, there was 1 complete and 2 paeasganses and 6 stable diseases.

Thus, silencing the function of PD-1 pathway witlodking antibodies might be a promising
clinical strategy in the care of several kind afcars, since it reverses immunosuppression. Even
though PD-1 and PD-L1 antibodies showed their affjcwhen used as monotherapy, there are
several clinical trials investigating possible conattorial approaches, for example with cancer
vaccines, anti-tumor mAbs or chemotherapies. Thiesepies might be of interest for patients
who respond poorly or are unresponsive to “staridarchunotherapies in order to improve their

immune response.
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PD-1 RESISTANCE

Several studies revealed that systemic blockadeDsfl function using specific antibodies is a
highly promising therapy and it has elicited dueabhtitumor responses and long-term remission
in a subset of patients with a broad spectrum otees Chinai et al., 2015, Trends Pharmacol
Sci). Nevertheless, in some cases immune checkpdiittiiar (ICI) treatments are not effective
due to primary resistance; indeed, the efficaclPf1 blockade was rarely more than 40%, with
a large number of partial respondéFspalian SL et al, 2012, N Engl J Med)oreover, patients
might also acquired resistance to PD-1 therapychvigads to disease progression or relapse.
Several immune or tumor intrinsic mechanism of stagice to anti-PD-1 therapy have been
proposed(Pitt JM et al, 2016, Immunity)For instance, the presence of non-functional T
lymphocytes or their absence at the tumor lesiolinkied to PD-1 blockade treatment failure.
Moreover, within the tumor microenvironment theme ather cells, such as Tregs, myeloid
derived suppressor cells (MDSCs), tumor-associatetrophages (TAMs), that might be
involved in impairing the activity of PD-1 antibodBai J et al, 2017, OncotargetEpigenetic
modification, cellular signaling pathways are otlfectors associated to resistance to PD-1/PD-
L1 blockade together with the accessibility of PIdgands in the tumor.

Two general mechanisms of immune resistance retatéte modulation of PD-L1 have emerged
(Pardoll DM, 2012, Nat Rev Cancer)ndependently of inflammatory signals, constitati
oncogenic signaling can regulate PD-1 expressiotuoror cells. The deletion or silencing of
PTEN, linked to PI3K-Akt activation, up-regulate D in glioblastomagParsa AT et al, 2007,
Nat Med) similarly, anaplastic lymphoma kinase (ALK) thgiusignal transducer and activator
of transcription 3 (STAT3) signaling induce PD-Lipeession in certain lymphomas and lung
cancers(Marzec M et al, 2008, Proc Natl Acad Sci U S Ahese processes are examples of

innate immune resistance, which is alternativeht adaptive immune resistan@ardoll DM,

33



2012, Nat Rev Cancer} which tumor uses the normal process occurringnd an infection to

protect a tissue from damage in order to evadaniiecumor immune response.

Despite several clinical trials demonstrated tHathking the interaction between PD-1 and its
ligands produces objective responses in a widetgpeof solid and hematologic malignancies,
it is now emerging that some patients treated vaitii-PD-1/anti-PD-L1 mAbs developed
“hyperprogressive diseas¢Berger KN, Pu JJ, 2018, Genélhis hyperprogression (HP) is an
acceleration in tumor growth subsequently to immugheckpoint inhibitors treatment, as the
therapy with anti-PD-1 antibody, but none of thechrenisms related to the resistance to PD-1
blockade seems to be able to explain this phenomdnc2016 two groups described the first
evidence of rapid disease progression after PDatkialde treatment.ahmar, J et al, 2016, J.
Clin. Oncol. 34 (suppl; abstract 9034); Saada-BouEi et al, 2016, J. Clin. Oncol. 34 (suppl;
abstract 6072)) After, other studies investigating hyperprogressappeared in literature. The
group of Champiat reported that in a trial of 13tignts which underwent anti-PD-1 therapies,
12 of them (9%) developed “hyperprogressive diseasd this status seems to be more common
in elder patients (over 65 year ol@hampiat S et al, 2017, Clin Cancer Rds)another study,

in which 155 patients were treated with anti-PDalif®D-L1, 6 patients had MDM2/MDM4
amplification and experienced time-to-treatmentufai (TTF) of less than 2 months and 4 of
them exhibited a hyperprogressive response. Moretive same TTF was experienced by 8 of
10 individuals with EGFR mutations and 2 demonsttdtyperprogressiofKato S et al, 2017,
Clin Cancer Res)

These concerns point to the importance of idemtgfypiomarkers not only able to predict positive
clinical responses, but also in order to avoid IngpEgression in patients after treatments aimed

to blocking PD-1 pathway.
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AIM OF THE THESIS

The present thesis is aimed to evaluate the rolenaite immune system in the context of PD-1
blockade therapy. Moreover, since innate immunds ceday influence anti-PD-1 antibody

efficacy, combination between agent that stimulaeste cells and PD-1 blockade therapy is

investigated.
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MATERIALS AND METHODS
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CELL CULTURE

IGROV-1 human ovarian cancer cell line was a gdhf Dr. J. Benard, Institute Gustave Roussy,
Villejuif, France, NCI-H460 (hereafter H460) humaan small cell lung cancer (NSCLC) cell
line, B16 mouse melanoma cell line and 4T1 mousexmary tumor cell line were purchased
from ATCC (American Type Culture Collection; Rockej MD, USA). All cells were routinely
maintained at 37°C in a 5% G@tmosphere in RPMI medium 1640 (Thermo Fisherriifie
Inc., Waltham, MA, USA) supplemented with 10% fetalvine serum (Thermo Fisher Scientific
Inc.) and 2mM glutamine (Cambrex, East Rutherfd¥d). B16 cell line was maintained in
DMEM medium (Thermo Fisher Scientific Inc.) suppkmed with 10% fetal bovine serum
(Thermo Fisher Scientific Inc.) and 2mM glutami@atnbrex). Cell lines were authenticated by
the Genomic Facility at Fondazione IRCCS - Istittdazionale dei Tumori (Milan, Italy) and
regularly tested for Mycoplasma using a specific fnycoAlert Plus Kit; Lonza, Basel,
Switzerland).

Bone marrow derived macrophages (BMDMs) were obkthiftom tibia and femur of mice, as
described by Weischenfel@tWeischenfeldt J, Porse B, 2008SH Protoc) Briefly, tibia and
femur of mice were removed and the ends of the doneé Bone marrow was flushed out and
collected in Falcon tubes. Bone marrow cells wenatrifuge at 1500 rpm for 5 minutes at 4°C
and red blood cell were lysed by incubation in ammm chloride lysis buffer. Cells were
seeded into 10mm Petri Dishes in IMDM medium (TherfRsher Scientific Inc.) supplemented
with 10% fetal bovine serum (Thermo Fisher Scientric.), 2mM glutamine (Cambrex) and 100
U/ml penicillin and 100 U/ml streptomycin (Lonzd) 37°C in a 5% C@atmosphere. The day
after, floating cells were collected from Petri Bisentrifuged, resuspended in fresh medium and
cell number was determined using trypan blue eimiuassay. 810° cells were seeded in 10
mm Petri Dish in complete medium supplemented @@timg/ml of murine M-CSF (PeproTech,

London, UK). Three days after, medium containingrimes M-CFS was replaced with fresh
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medium. Four days after, BMDMs were readyifovitro experiments.

MICE

All xenograft experiments were carried out usingvéeks-old female athymic nude mice,
C57BL/6 and Balb/c mice (Charles River Laboratqri€alco, Italy). Mice were housed in a
thermostatically maintained animal house with aht@rs light cycle, free food access and water
ad libitum Animal protocols were approved by the Ministry okdfth and OPBA board
(Organismo per il Benessere Animale) of FondazitR€CS - Istituto Nazionale Tumori of
Milan. Animal experiments were performed in accoxawith National law (D.lgs 26/2014) and
Guidelines for the Welfare of Animals in Experima&nieoplasigWorkman P et al2010, Br J

Cancer)

REAGENTS AND ANTIBODIES

Purified phosphorothioated TLR-9 agonist ODN1826TGCATGACGTTCCTGACGTT-3),
containing CpG motifs (CpG-ODN), was synthesizedTioj.ink Biotechnologies (San Diego,
CA, USA). Susceptibility to DNase digestion was thished by phosphorothioate modification,
prolongingin vivo half-life. Rat anti-mouse PD-1 (clone RMP1-14) dwadnster anti-mouse PD-1
(clone J43) antibodies were purchased from BioXQ&lest Lebanon, NH, USA). Liposomal
clodronate were purchased from ClodronateLiposaoes(Haarlem, The Netherlands).
Anti-mouse PD-1 F(abwas generated using Immobilized Pepsin (ThermberiScientific Inc.)
according to the manufacturer's protocol. Enzymdtgestion was performed at 37°C for 7

hours. Antibody concentration was determined by BEtein Assay Kit (Thermo Fisher
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Scientific Inc.). Antibody digestion was verified I5DS-PAGE under non-reducing conditions
and visualized by Coomassie Blue staining (Therimsbd¥ Scientific Inc.).

The following primary antibodies were utilized femnmunohistochemical analyses: purified rat
anti-mouse CD45 (BD Biosciences, 30-F11), rat amisse F4/80 (BioRad, Cl:A3-1,), purified
rat anti-mouse Ly-6G and Ly-6C (Gr-1) (BD Pharming&B6-8C5), purified rat anti-mouse
CD45R (BD Pharmingen, clone RA3-6B2), mouse NKp48RY antibody (R&D systems) and

anti-Arginase | (Genetex International Corp).

IN VIVO STUDIES

Athymic nude mice were injected intraperitoneallp.j with 2.5x18 IGROV-1 cells in 0.2 ml

of saline. Mice were treated with CpG-ODN delivergd at a dose of 2()g/mouse 5 days/week,
with monoclonal antibody anti-mouse PD-1 delivergd at a dose of 20Qg/mouse twice a
week or with their combination. Control mice wee# luntreated. Mice were inspected daily and
weighed three times/week. All mice were anesthdtamred euthanized upon evidence of ascites
appearance. The day of sacrifice was consideredtdgath. To deplete macrophages, IGROV-
1 xenografted mice were treated i.p. with 200 plimdsomal clodronate three days after tumor
cells injection. Mice were then treated with CpGIDRnd anti-PD-1 antibody, as described
above. Percent of disease-free mice in each tresitgneup was estimated by the Kaplan-Meier
product limit method and compared with the log-réedt.

For in vivo studies with lung cancer xenograft model, 2.5xH%60 cells were injected
subcutaneously (s.c.) in mice right flank in 0.2ahkaline. Mice were i.p. or peritumorally (p.t.)
treated twice a week with 2G@/mouse of anti-mouse PD-1 (clone RMP1-14) antibstdyting

6 or 3 days after tumor injection, respectivelythMCpG-ODN delivered p.t. at a dose of 20

ug/mouse 5 days/week, alone or in combination. @bgnoup was left untreated. For anti-PD-1
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F(ab) in vivo experiment, mice injected with H460 cells werateel with 20Qug of anti-mouse
PD-1 F(ab) fragments, as described above. Tumor mass®\mvas measured with a caliper
twice a week and volume was calculated as [lonmetar x (short diametérp].

For in vivo studies in immunocompetent models, C57BL/6 and/M®ammicewere s.c. injected
with 10° B16 melanoma cells or 4T1 breast cancer cellpeaively. Mice were treated as

described for H460 experiments.

FLOW CYTOMETRY

Healthy athymic nude mice were treated with CpG-OfdN4 days or left untreated. In other
experimental setting, nude mice were xenografted ROV-1 cells. At the end of treatment or
seven days after tumor cells injection, flow cytbimeanalysis was performed on splenocytes in
order to evaluate the expression of PD-1. Splemscytere obtained as descril{€hlcaterra C

et al, 2008,J Immunol) Cell suspensions (i@ells) were incubated for 30 minutes at 4°C in
staining solution (PBS containing 1% BSA) with dittg-conjugated antibodies mix [CD45 FITC
(eBioscience, 30-F11), CD49b PE (Miltenyi, DX5), RDAPC (eBioscience, RMP1-30) for the
identification of NK cells; CD45 FITC (eBiosciencg)-F11), CD11b PE (BD, M1/70), F4/80
PerCp (BioLegend, BM8)PD-1 APC (eBioscience, RMP1-3(pr the identification of
macrophages].

To verify that RMP1-14 clone does not cross-reaith Wwuman cell line, H460 cells (i@ells)
were incubated with 10 pg/ml of anti-mouse PD-IneldiRMP1-14 in staining solution for 30
minutes at 4°C. After washing, cells were incubatgith FITC-conjugated Anti-Rat 1gG (H+L)
Antibody, Mouse Serum Adsorbed (KPL, SeraCare St#ences, Milford, MA, USA) for 30
minutes at 4°C.

To test PD-1 expression on BMDMs, macrophages werebated for 30 minutes at 4°C in
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staining solution with directly-conjugated antibeslimix [CD45 FITC (eBioscience, 30-F11),
CD11b PE (BD, M1/70), F4/80 PerCp (BioLegend, BM3)D-1 APC (eBioscience, RMP1-30)].
The ability of PD-1 F(ab) fragment to bind mouse PD-1 was assessed by figemetry
analysis using EL-4 murine T lymphoblast cell limenstitutively over-expressing PD-1
(Oestreich KJ et al, 2008, J ImmunoBbL-4 cells were incubated with 10 pg/ml of antumse
PD-1 clone RMP1-14, anti-mouse PD-1 Fgab) rat IgG2a isotype control for 30 minutes at
4°C. After washing, cells were incubated with FI€@jugated Anti-Rat IgG (H+L) Antibody,
Mouse Serum Adsorbed (KPL, SeraCare Life Scierfoes30 minutes at 4°C.

To prevent non-specific binding to mouse Fc reaspteells were also stained with purified rat
anti-mouse CD16/CD32 monoclonal antibody (eBiosm@nSamples were then acquired with
BD LSRII Fortessa™ (BD Biosciences, San Jose, C8AlJand analyzed with FlowJo software

(FlowJo LCC, Ashland, OR, USA).

REAL-TIME PCR

To test if anti-PD-1 antibody has a direct effect macrophages, bone marrow derived
macrophages ¢6.0° BMDMs) were obtained from healthy nude mice, ascdesd above.
BMDMs were exposed to 10 pug/ml of anti-PD-1 antypod isotype control for 24 hours. For co-
culture experiment, macrophages were seeded irswelhinserts (0.4um pores), which consists
of a membrane permeable for liquids but not folscdlhe Transwells were inserted into a 6-well
plate previously coated with H460 cells. After 2duls of co-culture, anti-PD-1 antibody or
isotype control were added and the co-culture wamtained for other 24 hours. At the end of
each treatment, mMRNA from macrophages was extrasféd Direct-zol RNA Kits (Zymo
Research), according to the manufacturer’'s insomst Reverse transcription was performed

using the High-Capacity RNA-to-cDNA Kit (Applied &ystems),and real-time PCR was
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performed using TagMan® Fast Universal PCR Mastex KApplied Biosystems)with a
StepOne Real-Time PCR System (Applied Biosystema); the Argl (MmO00475988 m1l)
TagMan® gene expression assays (Applied Biosyste@®she expression was normalized to
B2M (MmO00437762_m1).

PCR data were analyzed using tifé¢% method.

IMMUNOHISTOCHEMICAL AND IMMUNOFLUORESCENCE

ANALYSIS

Immunohistochemical and immunofluorescence analygese performed according to the

protocols described in Lo Russo et(ab Russo G et aB018, Clin Cancer Res)

CLINICAL SERIES

Patient’s characteristics are described in Lo Rugsal. (Lo Russo G et al, 2018, Clin Cancer

Res)

STATISTICAL ANALYSIS

Statistical analyses of the results were perforosadg either unpaired t-test or Mann-Whitney U
test, depending on data distribution, and were idensd to be significant at p-values<0.05.

Analyses were performed using Graph Pad Prism (ag Software, San Diego, CA, USA).
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1. Tumor cells and TLR9 agonist enhance PD-1 exprasn on NK cells but not

on macrophages

Athymic nude mice lack T lymphocytes, therefore thdy cells able to mediate cytotoxic
activity against tumors are NK cells and macropbafelizario JE., 2009, The Open
Immunology Journal) Increased PD-1 expression on NK cells and maeageh has been
observed in cancer patients and it is correlatéld stage of diseageiu Y et al, 2017, Oncogene;
Gordon SR et al, 2017, Nature; Pesce S et al, 20Bdlergy Clin Immunol)To evaluate if we
could made the same observation in our precliniceddel, athymic nude mice were
intraperitoneally (i.p.) xenografted with IGROV-1rhan ovarian cell line and, seven days after
tumor cell injection, mice were sacrificed and flogometry analysis was performed. We found
that the frequency of splenic PD-MK cells (identified as CD49bcells) of tumor-bearing mice
was higher compared to control mice [PDED49" NK cells: 48.2 + 8.0% (mean+SEM) in
tumor-free mice vs 79.8 £ 5.97% in IGROV-1 tumoabeg mice, p=0.0366 by unpaired t-test]
with a significant up-regulation of PD-1 expressimm NK cells of tumor bearing mice [PD-1
MFI: 1176.9 + 226.1 (meantSD) in tumor-free mice 2459.5 + 183.5 in IGROV-1 tumor-
bearing mice, p=0.0141 by unpaired t-te@tjgure 8A). No significant modulation of PD-1

expression was detected in peritoneal macrophages.
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Figure 8. Percentage and MFI of splenic PDNIK cells (identified as CD49kcells) of athymic mice IGROV-1
xenografted or tumor-free micA). Percentage and MFI of splenic PDNK cells (identified as CD49tcells) of
healthy athymic mice treated with CpG-ODN for 4 sl§90 pg/mouse) or left untreatesl) (*p<0.05 by unpaired t-
test.

Although CpG-ODNagonist of TLR9, is reported to exert anti-tumativaty (Mikulandra M et
al, 2017, Curr Med Chemijt is also known thain vitro TLR9 engagement on NK cells and
macrophages can induce PD-1 up-modulation as weg&edback mechanis(erme M et al,
2011, Cancer Res; Said EA et al, 2010, Nat M&u¥ therefore investigated if CpG-ODN
treatment can determine the same effacvivo. Flow cytometry analysis of spleen NK cells
obtained from athymic mice i.p. treated for 4 dawth CpG-ODN (20 pg/mouse) revealed an
increased percentage of PDHK cells (identified as above), as compared teapINK cells
from untreated mice [PD*1CD491" NK cells: 38.2 + 4.77% (mean+SEM) in untreated enis
65.57 £ 5.87% in CpG-ODN treated mice, p=0.0224ibpaired t-test]. The average of MFI of

PD-1 expression was 315.0 £ 25.2 from control naioe 523.7 £ 58.7 on NK cells from spleens
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of CpG-ODN treated mice (p=0.0309)-igure 8B). No significant modulation of PD-1
expression was detected in macrophage subset.
These results indicate that the presence of a ggpwimor as well as the CpG-ODN treatment

induce an increase expression of PD-1 on NK cells.

2. CpG-ODN anti-tumor activity decreases when combied with anti-PD-1

antibody in ovarian cancer xenograft model

In order to evaluate the contribution of the innamtenune system during immune checkpoint
inhibition therapy, IGROV-1 human ovarian cancell bee was injected i.p. in athymic nude
mice. IGROV-1 tumor-bearing mice were subsequeththded into 5 groups and treated starting
7 days after tumor cells injection with CpG-ODN radofor 5 days per week or in combination
with anti-PD-1 antibody (clone RMP1-14) at differ¢ime points (starting at day 7 or at day 13,
twice weekly) or with anti-PD-1 antibody alone stag at day 7. The treatment lasted 3 weeks.
Untreated mice represented the control gr{feigure 9). Since IGROV-1 cells grow either as
floating cells in the peritoneum and as small tumasses adhering to the peritoneal wall and
since these cells eventually induce the formatidnascitic fluid, we monitored ascites

development as indicator of tumor growth.
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Figure 9. Kaplan-Meier plot of percent of disease-free miserotime among IGROV-1 ovarian tumor-bearing
athymic mice. Mice were treated i.p. with CpG-ODftating at day 7; 20 pg /mouse, 5 days/week; nie@/group)

or with anti-mouse PD-1 antibody (starting at day@0 pg/mouse, 2 days/week; n=6 mice/group) agesiagents
or with their combination, starting anti-PD-1 awiily at day 7 (n=7 mice/group) or at day 13 (n=7efgooup).
Control group were left untreated (n=7 mice/group).

As expected, CpG-ODN treatment alone significadi®yayed ascites appearance compared to
control mice(De Cesare M et al, 2010, J Immunoth8gmmariva M et al, 2011, Cancer Res;
Sommariva M et al, 2013, J Transl Mednti-PD-1 antibody as single agent did not pradaay
therapeutic effect compared to control group. Ssimyly, when CpG-ODN was combined with
anti-PD-1 antibody, a strong reduction in TLR9 agbanti-tumor activity was observed [CpG-
ODN vs CpG-ODN#-PD-1(+7), p=0.0079 by log-rank test]. Moreover, wolatained similar
results even when we modified the schedule treatstarting CpG-ODN treatment 5 days after
tumor cells injection alone or in combination wéhti-PD-1 antibody, starting at day #8igure
10A). To exclude that the inhibitory effect of anti-ADantibody on CpG-ODN activity was not
due to a non-specific biological activity of the RI#14 clone, we performed an additional
experiment, similar to those described above, usingther commercial anti-mouse PD-1
blocking antibody (hamster anti-mouse PD-1, clod&)JFigure 10B). Again, anti-PD-1
antibody clone J43 alone did not impact on as@gsearance and, most importantly, reduced

CpG-ODN anti-tumor activity.
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Figure 10. Kaplan-Meier plot of percent of disease-free miserctime among IGROV-1 ovarian tumor-bearing
mice treated i.p. with anti-PD-1 antibody, clone RM14 Q) or with anti-PD-1 antibody, clone J4B)( Mice were
treated with CpG-ODN (20 pg/mouse, 5 days/weekdh wnti-PD-1 antibody, clone RMP1-14 or clone J280(
png/mouse, 2 days/week) or with the combinatiorhefttivo agents€Control group were left untreated.

These results suggest that in mice, where the @dajphmune cells are not present, anti-PD-1

antibody not only did not synergize with TLR9 aggirthut also exert a negative effect on CpG-

ODN therapeutic efficacy.

3. Anti-mouse PD-1 antibody does not have any demental effect on CpG-

ODN anti-tumor activity in immunocompetent mice

In immunocompetent mice, it has been proposed @pii-ODNs-based immunotherapy may
benefit from combination with immune checkpointediers(Sato-Kaneko F et al, 2017, JCI
Insight Wang S et al, 2016, Proc Natl Acad Sci U S A; W@ngt al, 2016, Adv Mater).
However, we observed that in immunodeficient mibe #bility of TLR9 agonist to exert

antitumor effects is affected by the combinatiothwanti-PD-1 antibody. To investigate if the
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same phenomenon can occur even in the presenagapfivee immunity, C57BL/6 and Balb/c
mice were injected subcutaneously (s.c.) with Bl&lamoma(Figure 11A) and 4T1 breast
carcinoma cell linegFigure 11B) respectively, and treated with peritumoral (pGPG-ODN
alone or with anti-PD-1 antibody. Even if no additieffect was observed when TLR9 agonist
were combined with anti-PD-1 antibody, the comboratgroup did not show an increase in
tumor growth, indicating that the innate-immuniglated detrimental effect might be hidden

when the adaptive immune system is present.
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Figure 11.

(A) C57BL/6 mice xenografted s.c. with B16 melanonalscand treated with CpG-ODN (20 pg/mouse, 5
days/week; n=4 mice/group) alone or with anti-PRyitibody (200 pg/mouse, 2 days/week; n=4 mice/group
starting 21 days after tumor cells injection. Cohigroup were left untreated (n=4 mice/group). Dipresent
mean+SEM of tumor volume for each group.

(B) Balb/c mice xenografted s.c. with 4T1 breast icamma cells and treated with CpG-ODN alone (stgrih day
10; 20 pg/mouse, 5 days/week; n=7 mice/group) dah wainti-PD-1 antibody (200 pg/mouse, 2 days/week;
n=7mice/group), starting at day 7 or day 11 aftendr cells injection. Control group were left umtied (n=6
mice/group). Dots represent meantSEM of tumor vadion each group.
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4. Anti-mouse PD-1 antibody induces early ascitesppearance in IGROV-1
tumor bearing mice and myeloid cells depletion islde to abrogate anti-PD-1

antibody inhibitory activity on CpG-ODN anti-tumor effect

Since it has been recently reported that PD-1 laldelcan sustain immunosuppression in ovarian
cancer upon interaction with cells of myeloid onigiamichhane P et al, 2017, Cancer Rdke
negative effect of anti-PD-1 antibody on CpG-ODNi-&uimor activity might be due to an
enhancement of an immunosuppressive microenvironthahmay restrain CpG-ODN efficacy.
To understand whether anti-PD-1 antibody might eaetdetrimental effeqber s¢ athymic nude
mice xenografted with IGROV-1 were treated withi-#D-1 antibody the day immediately after
tumor cells injection when the ascitic fluid hast rappeared yet. Even ffiot statistically
significant we observed that in anti-PD-1 treated group tunsoites developed faster compared

to control grougFigure 12).
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Figure 12.IGROV-1 xenograft mice were treated with anti-PRsitibody (200 pg/mouse, 2 days/week) starting the
day after tumor cells injection. Control group wést untreated (n=4-5 mice/group).

We then performed an immunohistochemical analysisldtect the expression of Arginase |

(Argl), a marker of myeloid cells with immunoregidey activity (Murray PJ et al, 2014,
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Immunity) on tumor masses obtained from mice treated withRD-1 antibody or control mice
(Figure 13). Quantification analysis revealed a statisticalnificant increase in the number of
Argl® cells in the stroma of anti-PD-1 treated tumorggasting that the interaction of the

antibody with myeloid cells may boost tumor growth.
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Figure 13. Representative histopathological evaluation andntjfication of Arginase I-stained IGROV-1 tumor
samples from mice treated with anti-PD-1 antibodyuntreated mice. Original magnification X20. **p€Q by
unpaired t-test.

To further investigate the involvement of myelowlls in worsening CpG-ODN activity, wia
vivo depleted this immune cell population using lipossntontaining clodronate, reported to
deplete cells with phagocytic activity such as migkells(Van Rooijen N, Sanders A. 1994, J
Immunol Methods)in IGROV-1 xenograft mode{Figure 14). Three days after tumor cells
injection, IGROV-1 tumor bearing mice were treatedh clodronate and three days after
clodronate injection we treated mice with CpG-ODN amti-PD-1 antibody or with their
combination, as above. While there were no diffeesnbetween anti-PD-1 treated group and
control mice, as observed in previous experimedépletion of myeloid cells abrogatede
inhibitory activity of anti-PD-1 antibody on CpG-O®Dantitumor effect. These results may
suggest that the interaction between anti-PD-1bad{i and myeloid cells could be involved in

the dampening of CpG-ODN therapeutic activity.
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Figure 14. Kaplan-Meier plot of percent of disease-free mieerctime among IGROV-1 ovarian tumor-bearing
mice treated with clodronate 3 days after tumolsdejection and subsequently with CpG-ODN (staytat day 6;
20 pg/mouse, 5 days/week) in combination with 8Kl antibody (starting at day 6; 200 pg/mouseaysbiveek)
(n=6 mice/group) or with each reagent alone (n=€efgiroup). Control group received only clodrong@domes
treatment (n=7 mice/group).

5. Anti-mouse PD-1 antibody induces tumor progresen in non-small cell lung

cancer (NSCLC) xenografts

Since our results suggest a possible involvememinate immune cells in mediating the negative
effect of anti-PD-1 antibody, we tested our hypeitien another xenograft model different in

term of tumor hystotype and site of tumor implaiotat NCI-H460 human NSCLC cell line was

injecteds.c. in athymic nude mice and treated using twieiiht schedules of treatment and two
routes of administration. Specifically, H460 tunimearing mice were treated with anti-PD-1
antibody either i.p(Figure 15A) or p.t.(Figure 15B), starting at day +6 and +3 after tumor cells
injection respectively, alone or in combinationtw@pG-ODN. Single agents were also included

and control mice were left untreated.
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Figure 15. Mice were xenografted s.c. with H460 lung cancdr lo®e and treated i.p., starting from 6 days afte
tumor cells injection (n=6 mice/group)) or p.t., starting from 3 days after tumor cefifection (n=5 mice/group)
(B) with anti-mouse PD-1 antibody (200 pg/mouse, ysti@eek), CpG-ODN (20 pg/mouse, 5 days/week) oh.bot
Control group were left untreated. Dots represesamtSEM of tumor volume for each group. Untreated-?D-1,

*p<0.05 by unpaired t-test.

Dot plots C) and MFI D) of EL-4- and H460-PD-1 positive cells stainedhnénti-rat FITC secondary antibody
(red line) after anti-PD-1 staining with anti-PDafitibody clone RMP1-14 (blu line).

The results obtained were similar to those obtainetSGROV-1 model. Indeed, the treatment
with anti-PD-1 antibody slightly reduced the antitor effect of TLR9 agonist and, notably, anti-
PD-1 treatment alone induced a marked increasemoit growth compared to all the other

groups regardless of route and schedule of tredatmen
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It has been recently reported that PD-1 can beesspd by NSCLC cells and that PD-1 blockade
accelerated tumor growth of M109 (mouse lung cancell line) xenograft model in
immunodeficient micgDu S et al, 2018, Oncoimmunology)o verify whether the increase in
tumor mass following anti-PD-1 antibody administratcould be due to the interaction between
our antibody and PD-1 expressed by tumor cellsteséed the cross-reactivity of the rat anti-
mouse clone RMP1-14 with human lung cancer cell§Hé@igure 15C and 15D). Flow
cytometry analysis revealed that anti-mouse PDtibadhy does not react with H460 cell line but
specifically recognizes murine PD-1 (using EL-4 s®lymphoma T cells as positive control)
indicating an involvement of innate immune system determining the deleterious effect
associated with PD-1 treatment.

We then analyzed the tumor microenvironment of dampollected from anti-PD-1 antibody-
treated mice and controls. We evaluated by immuwstobihemistry the immune cell infiltrate
considering the total leukocytes (CD%5 macrophages (F4/8) B Ilymphocytes
(CD45R/B220), granulocytes (Gr} and NK (NKp46) cells (Figure 16). There was a
significant increase in CD43eukocyte infiltration at the hegumor interface in tumors of mice
treated with anti-PD-1 antibody. While B lymphocgitgranulocytes, and NK cells density was
comparable among the two groups, it has been obdeas high number of intratumoral
macrophages and Argexpressing cells in anti-PD-1 treated tumors &rplg the increase in

the CD45 population.
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Figure 16. Representative immunohistochemistry images and tijication of leukocytes (CD49, macrophages
(F4/80), B lymphocytes (CD45R/B22)) granulocytes (Gr-), NK (NKp46") cells and Arginase-Icells in the
tumor microenvironment of H460 lung cancer xendgmafce (p.t. experiment). Original magnification X2
*p<0.05, *p<0.01 by Mann-Whitney U test.

6. FCR triggering on macrophages might induce tumoprogression after anti-

PD-1 treatment

The data showed before point to a role of anti-PBafibody-myeloid cells interaction in the
observed exacerbation of the disease. Tumor-asedai@acrophages (TAMs) and myeloid cells
are reported to express PD-1 on their surface &ouking PD-1 on these cells can restore their
antitumor functions(Gordon SR et al, 2017, Naturéju Y et al, 2009, Cancer Immunol
Immunother) Because we observed an increase in tumor grofigh anti-PD-1 administration
paralleled by an increase in myeloid cell infilioa, we may not ascribe anti-PD-1 detrimental
effect to such receptor blockade but rather toRbh@lomain of the antibody. To exclude a direct
effect of anti-PD-1 antibody on myeloid cells, weated bone marrow derived macrophages
(BMDMs) in vitro with anti-PD-1 antibody. Flow cytometry analysevealed that in oun vitro
culture 5-10% of macrophages were positive for P(Hgure 17A). BMDMs were exposed to
10 pg/ml of anti-PD-1 antibody or isotype controt 24 hours. At the end of treatment, mMRNA
from macrophages was extracted and real-time PCRpedormed to assess the acquisition of a
M2-like phenotype using the M2-related marker Aegie |, found to increase after anti-PD-1
administrationin vivo. PD-1 treatment had no effect in inducing ArgindsenRNA in
macrophagegFigure 17B). To better recapitulate the situation occurrimgivo, BMDMs were
co-cultured with H460 cell line without direct cekll contact, a method to induce M2 phenotype
(Hagemann T et al, 2006, J Immunoffter 24 hours of co-culture, anti-PD-1 antibody o
isotype control were added to the culture mediuch mRNA from macrophages was extracted.

Real-time PCR was performed as described aleigure 17C). Again, no differences in terms
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of Arginase | mMRNA level were found between anti-PD or isotype-control-treated

macrophages, suggesting that the binding of théady to PD-1 on macrophages is not

responsible for the reported anti-PD-1 detrimeettct.
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Figure 17. (A) Flow cytometry analysis of BMDM (gated on CDIH#/80 cells) analyzed for PD-1 expression
(5,09%). mRNA levels of Argl evaluated by real-tiR€R in BMDM alone B) or co-cultured with H460 cell line

(C) treated with isotype control (10 pg/ml) or anB-2 antibody (10 pg/ml) for 24 hours. Results arespnted as
2—AACt.

Based on our previously described data, we canthggize that anti-PD-1 antibody may exert its
biological activity through its Fc domain. Inde&hhan et collegues reported that the anti-PD-1
Fc domain modulates the anti-tumor activity of @fi-1 antibodie§Dahan R et al, 2015,

Cancer Cell) Therefore, we performed an vivo experiment in H460 xenografted mice using

anti-PD-1 F(aby) instead of the whole antibody. F(alg a portion of antibody that lacks the Fc
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domain loosing the ability to bind any Fc receptdige confirmed by FACS analysis that anti-
PD-1 F(ab) is able to efficiently bind PD-{Figure 18A). Then,H460 tumor bearing mice were
treated two times/week with p.t. anti-PD-1 F¢aly)left untreated starting 3 days after tumor cells
injection (Figure 18B). The increase in tumor growth seen in our previexggeriments is lost

when using the anti-PD-1 F(ab)
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Figure 18. (A) Flow cytometry analysis of EL-4 cells, expressinghhlevels of PD-1, stained with the whole
antibody (red line) or with anti-PD-1 F(al{plue line). Rat IgG2a served as isotype contutzldk line).

(B) Mice were xenografted s.c. with H460 lung canoet line and treategh.t. with anti-PD-1 F(ab)from 3 days
after tumor cells injection (200 pg/mouse, 2 dag®ky n=7 mice/group). Control group were left uateel. Dots
represent mean+SEM of tumor volume for each group.

Collectively, these data indicate that the incrdatemor growth observed after anti-PD-1
treatment in our experimental model may be due ‘tooa-conventional” response of myeloid
cells to anti-PD-1 antibody through Fc-Fc recepioteraction causing their functional

reprogramming toward a pro-tumorigenic phenotype.
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7. ICI treatment of patients with advanced NSCLC imduces acceleration of

tumor growth

Our preclinical results recall data published iner@ publicationChampiat S et al, 2017, Clin
Cancer Res; Saada-Bouzid E et al, 2017, Ann Ori€alp S et al, 2017, Clin Cancer Res)d
case report@Davar D et al, 2015, Case Rep Oncol Med; Chub&ht al, 2016, Case Rep Oncol
Med)describing a fraction of cancer patients experrenbyperprogressive disease after immune
checkpoint inhibitors therapy, such as anti-PD-ZXibaadly, with a particularly aggressive,
unpredictable spread of the disease and clinictrideation (Champiat S et al, 2017, Clin
Cancer Res; Saada-Bouzid E et al, 2017, Ann Ori€alp S et al, 2017, Clin Cancer Re3p
date, a convincing explanation of this phenomerasirtot been provided.

Thanks to a collaboration with the Department ofdMal Oncology of Fondazione IRCCS -
Istituto Nazionale dei Tumori (Milan, Italy), tumeamples of 35 patients with advanced NSCLC
who received treatment with ICls were analyzed twmunohistochemistry to evaluate the
immune cell infiltrate, as performed on mouse tunspecimens. Patients were classified
according to clinical and radiological criter{d@able 2) into 4 categories: responders (R, 7
patients), patients with stable disease (SD, liema), progressors (P, 6 patients) and patients

with hyperprogressive disease (HP, 11 patients).
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HP CLINICAL RADIOLOGICAL CRITERIA

Time-to-treatment failure (TTF) less than 2 months

At the first radiological evaluation increase in sum of target lesions diameters of 50% or

more

At the first radiological evaluation appearance of at least two new lesions in an organ
already affected by the disease

At the first radiological evaluation spread of the disease to a new organ

Clinical deterioration with decrease in ECOG performance status > 2 in the first 2 months of
treatment

Table 2. Patients who fulfilled at least 3 of the clinicaldiological criteria were defined HP, while pateshowing
RECIST 1.1 progressive disease (PD) as best respaithout fulfilling at least 3 criteria were deéid as
progressive patients (P). Responders (R) and st8blgpatients were classified according with RECIS] criteria.

The composition of tumor microenvironment and tingrdbution of tumor-infiltrating immune
elements before ICI treatment were assessed. Nufisamt differences were observed in the
subsets of tumor-infiltrating T lymphocytes (TILsgonsidering CD3 CD4, and CDS$§
lymphocytes and FOXP3egulatory T cells (Tregs). Moreover, there weoedifferences in the
number of other immune subpopulations, CD1&sma cells (PCs), CD12%lasmacytoid
dendritic cells (pDCs), peritumoral and stromal toperoxidase (MPO)myeloid cells, CD163
macrophages, CD33PD-1 and PD-L1immune cells.

Notably, within neoplastic foci dense clusters @amphages with epithelioid morphology were
identified. These cells were found positive for giultaneous expression of CD163, CD33 and
PD-L1 (Figure 19). This particular phenotype was defined “complet@nunophenotype” and
was observed in all patients with HP, with statety significance if compared to patients
without HP (p<0.0001jTable 3).

These data point again to a role for myeloid cellsaccelerating tumor growth in patients

suffering hyperprogressive disease after anti-REzdtment.
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CD33/CD163/DAFI

FD-L1/CD33/DAPI
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Figure 19. Representative images of prototypical hyperpragvesdisease infiltrates showing the co-localizatid

CD33, CD163 and PD-L1 in clustered macrophages @githelioid morphology. Immunofluorescence parstisw

three different combinations of double-marker staja. Green and red signals correspond to Opakba0pal-620
fluorophores; original magnifications X100 and X400

Variables TRUE + | FALSE + | LR+  95% CI p-value
Epithelioid morphology 11/11 9/24 2.67 1.59- 4,47 0.0006
PD-L1 11/11 10/23 2.30 1.44- 3.66 0.01)09
CD163 11/11 13/24 1.85 1.28- 2.67 0.0Q975
CD33 11/11 14/24 171 1.22- 2.40 0.0125
Complete phenotype 11/11 4/24 6.00 2.45-14.68 6QL(

Table 3. Macrophage markers and “complete phenotype” assowidh HP patients (PD-L1: Programmed death-
ligand 1; CI: Confidence Interval; LR: LikelihoodLtio)
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DISCUSSION
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Cancer immunotherapy, enhancing the power of theune system, is nowadays the most
promising way to fight cancers because of its céipalio achieve complete, long-lasting
remission and, eventually, cure cancer.

Especially in the last years, the discovery of immeheckpoint inhibitors (ICIs) revolutionized
the treatment of oncologic patients and profourahgnged the paradigm of care for different
kind of tumors. Among ICls, antibodies targeting-B/PD-L1 axis were the first approved by
FDA for use in humans and results of past and awpolinical trials demonstrated anti-tumor
activity in different clinical settings. Despiteettenthusiasm of the beginning, it is now emerging
that only a fraction of patients experienced dwrabititumor responses and long-term remission
(Chinai JM et al, 2015, Trends Pharmacol Sahile the majority remains unresponsive.
Therefore, enhancing ICIs efficacy through the tlgwement of new immune-therapeutic
interventions represents an unmet clinical need.

Programmed cell death-1 (PD-1) is a cell surfaceptor that modulates the activity of effector
T cells. Interaction of PD-1 with either of its tkmown ligands, PD-L1 and PD-L2, results in
inhibition of T cell activation, proliferation, ogkine production and in T lymphocyte exhaustion.
Since ICIs prevent immune cell exhaustion mainlyingc on adaptive immune cells, it is
reasonable to hypothesized that innate immunitsnidants would improve ICIs antitumor
efficacy by activating innate immune cells thatfum, are reported to promote anti-tumor T cell
activity.

Toll-like receptors (TLRs) are best-known for thaibility to activate innate immune cells
recognizing pathogen- and danger-associated malepaltterns. TLR agonists are included in
the NCI list of immunotherapeutic agents with thighlest potential to cure cancer. Innate
immune responses triggered by TLR agonists incthdeactivation of NK cells, macrophages,
neutrophils, monocytes and dendritic cells, mostvbich must be activated locally, unlike cells

of the adaptive immune response, which can reaehatitigen wherever they are activated.
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Previous studies performed in the laboratory wHeoenducted my PhD thesis showed that
intratumoral (i.t.) administration of the TLR9 ageinCpG-ODN was able to control tumor
growth by activation of innate immune responses6tOV-1 human ovarian carcinoma cell line
orthotopically xenografted in athymic nude mi(iee Cesare M et al, 2010, J Immunother;
Sommariva M et al, 2011, Cancer Res; Sommariva M, &013, J Transl Medpointing to the
importance of innate effector cell activation aé tkite of tumor growth. Since we could not
achieve a complete response and, eventually, mmausbed, we explored the biological causes
underlying this phenomenon. Interestingly, we fotimatin vivo CpG-ODN administration led to
PD-1 up-regulation on NK cellg-igure 8). Our data are in line with other reports showinagtt
PD-1 expression can be up-regulated by TLR ligafdsacterial origin in other innate immune
cells such as monocytéSaid EA et al, 2010, Nat MednhacrophagefBally AP et al,2015, J
Immunol) and dendritic cellfYao S et al2009, Blood) Although the double ability of TLR
ligand to stimulate immune response and, at theesime, to induce immune-suppressive
mechanisms may appear counterintuitive, this mayptmably due to a negative feedback
mechanism necessary to maintain a correct balancegdimmune cell response to avoid
immune cell over-activation and activation-induczdl death (AICD). Since it is reported that
PD-1 can be expressed by innate immune cells anéxpression is related to immune cell
function impairmentTerme M et al, 2011, Cancer Res; Said EA et al,02WNat Med.)and
reduced immune-responsiveness, combinations of motherapies that augment the immune
response, such as TLRs therapies, with anti-PDtibady, are likely to be extremely effective.
The blockade of PD-1 signaling may enhance the imeratimulatory effects of TLR agonists
and, at the same time, TLR ligation may improve éffect of PD-1 blockade by stimulating
immune cells. Our hypothesis is also supporteddmemt data that identified CpG-ODN as a
potential candidate for combinatorial therapieshwiCls. For instance, preclinical studies

demonstrated that CpG-ODNs in combination with-8@+1 antibody produce synergistic effect

64



in murine bladder cancer model compared to singlens (Mangsbo SM et al, 2010, J
Immunother) Moreover, it has been shown that anti-PD-1 treatmesistance can be reversed by
intratumoral injection of TLR9 agonigWang S et al2016, Proc Natl Acad Sci U S .A)
However, the role of innate immune system during-lPbBlockade therapy has never been
properly evaluated and it remains matter of debate.

To investigate the contribution of innate immunsteyn during PD-1 blockade therapy, athymic
nude mice were injected with IGROV-1 human ovaraii line and treated with CpG-ODN, a
synthetic TLR9 agonist, anti-PD-1 antibody or themmbination. The choice to utilize ovarian
cancer bearing-athymic nude mice, instead of immanpetent mice, relies on the fact that
athymic mice are virtually devoid of T lymphocytiést may cloud the role played by PD-1/PD-
L1 axis in modulating innate immune cells behawod that ovarian cancer is generally poorly
responsive to PD-1 blockad&aillard SL et al,2016, Gynecol Oncol Res Pragtjaking it a
good model to test new combination therapies. Ageted, PD-1 monotherapy did not show any
effect. When we combined anti-PD-1 antibody withGEPDN, we unexpectedly observed a
reduction, instead of an improvement, of TLR9 agbanti-tumor efficacyFigure 9). Similar
results were obtained using another clone of theRix1 antibody or changing the treatment
schedulegFigure 10).

In our opinion, there are three possible scendhiascan explain our datg: simultaneous TLR9
stimulation and PD-1 pathway blockade can lead MKacells exaggerated activation causing
their apoptosisii) TLR9-primed macrophages induce the developmeRDbfl” NK cells where
PD-1 blockade decreased NK cell effector molecshasthesis otii) anti-PD-1 antibody can
exert pro-tumor activity through Fc/Fc receptoenatction.

i) Immune cell homeostasis and activation are vghtly spatio-temporal regulated mechanisms.
Since ICIs and immune-stimulants alter immune sydtélogy, it is now emerging that timing

and sequence of administration of these immunesdregresent an important aspect to take into
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consideration when ICls are combined with immun@peutic agents. For instance, it has been
demonstrated that concurrent administration of -BBH1 antibody with anti-OX40
(Messenheimer DJ et , 2017, Clin Cancer Res; Shirirta et al,2017, Cancer Immunol Res)
with anti-41BB (McKee SJ et al, 2017, Cancer Immunol Resjuced anti-OX40/anti-41BB
therapeutic efficacy. Our experimental setting banconsidered a “concurrent administration”
because CpG-ODN and anti-PD-1 antibody were adieneid at the same day and, therefore, our
study design resemble those described in the atoreomed papers. The detrimental effect
exerted by PD-1 blockade was associated with aedeerof T cell proliferation and an increase
of T cell apoptosisNlessenheimer DJ et , 2017, Clin Cancer Res; ShriREl et al, 2017,
Cancer Immunol Res; McKee SJ et al, 2017, Cancerunol Res)lt is possible to hypothesize
that, also in our experiments, the inhibition ofegulatory pathway together with a strong
stimulation could have determined NK over-activateventually inducing their death.

ii) PD-1 on NK cells is described as negative regulat immune effector function and blocking
this receptor enhances the immune response agamsts(Hsu J et al, 2018, J Clin Invest; Liu
Y et al, 2017, Oncogendjlowever, it has been reported that in the cordépathogen infection,
PD-1 on NK cells was required for the synthesispefforins and granzymes and that PD-1
genetic deletion or pharmacological inhibition detmed an impairment of NK cell function
(Solaymani-Mohammadi S et al, 2016, J Leukoc Bidie use of CpG-ODN in our models could
have mimicked a bacterial infection and, basedhms évidence, anti-PD-1 antibody could have
negatively affected NK lytic activity.

It is unlikely that CpG-ODN can act directly on Neéells in inducing PD-1 expression as
demonstrated by Beldi-Ferchiou and his grdBpldi-Ferchiou A et al2016, Oncotargetand,
indeed, sensing of TLR agonist by NK cells is stdintroversial. However, macrophages, that
express functional TLRs, are able to trigger NK cgtotoxicity upon TLR agonist stimulation

through cytokine release and increased expressiastvating NK cell ligandgHamerman JA
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et al, 2004, J Immunolt.e Noci V et al, 2015, Oncoimmunolo@ommariva M et al, 2017 Cell
Immunol) NK cells sustained interaction with activatingadnds promotes PD-1 induction on
these cellgdBeldi-Ferchiou A et al2016, Oncotarget)Our data show that the negative effect
exerted by anti-PD-1 antibody on CpG-ODN anti-tunaativity is abrogated in absence of
macrophage/myeloid cells. Therefore, it possiblsgeculate that macrophages may promote the
development of PD-INK cells through CpG-ODN-induced NK-activating ligds upregulation
and then anti-PD-1 antibody, inhibiting PD-1 pathweecessary for lytic molecules production,
blocks NK cell anti-tumor activity.

iii) A third hypothesis that should be considerech&t aanti-PD-1 antibody can exert pro-tumor
activity per se Although anti-PD-1 monotherapy did not producey affect in IGROV-1
advanced tumor modé@Figure 9 and 10), we noticed an acceleration in ascites formatibenw
we performed an early treatment with anti-PD-1 lsody starting the day immediately after
tumor cell injection(Figure 12). This observation became extremely evident in Hd®Qor
bearing mice where PD-1 blockade induced an inergagimor masg-igure 15).

Evaluation of intra-tumoral immune cell contextusyealed an accumulation of macrophages
with M2-like phenotype in anti-PD-1 treated tumarglicating again the involvement of myeloid
lineage in determining the detrimental effect agged with anti-PD-1 antibody. Regarding the
role of PD-1 on myeloid cells, some reports desctithat PD-1 inhibition is able to promote a
shift from pro-tumorigenic to anti-tumor phenoty(f@ordon SR et al2017, Nature) whereas
other research groups observed that the bindingpetific antibodies to PD-1 exacerbated
immunosupressiorilLamichhane P et al, 2017, Cancer Res; Said EAl,eP@10, Nat Med)
Because ouin vitro data did not reveal any particular activity of idPD-1 antibody on
macrophages¢Figure 17), it can be reasonably excluded that the detrinheftact observed in
our models can be due to the blocking of PD-1 diggan myeloid cells. It has been recently

reported that macrophages can capture anti-PDHioalytfrom T cell surface through interaction
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of the Fc fragment of the antibody and the FcuRHFo gamma receptor IIb) expressed by
macrophagegArlauckas SP,2017, Sci Transl Med)Although the Authors considered this
phenomenon only a mechanism of resistance to &ntl-Fherapy, it is not clear the biological
consequences of such interaction. FcuRIIb is aibitany Fc receptor able to dampen immune
response upon ligation with antibody Fc fragm@uilliams M et al, 2014, Nat Rev Immunol)
Since anti-PD-1 antibody used in aarvivo experiments is reported to interact with FcuRIIb
(Dahan R et al, 2015, Cancer CelNye might hypothesize that the inhibitory signelivered by
FcuRIIb can reprogram myeloid cells shaping tha&hdvior toward a more pro-tumorigenic
phenotype. This hypothesis was supported by antitFAab) in vivo experiment, showing that
the treatment with the antibody lacking the Fc iportdid not increase the growth of tumor
(Figure 18).

Results obtained in our experimental models raeakntly published clinical dai&€hampiat S
et al, 2017, Clin Cancer Res; Saada-Bouzid E e2@1,7, Ann Oncol; Kato S et al, 2017, Clin
Cancer Res)Yescribing a fraction of cancer patients experen@articularly aggressive and
unpredictable spread of the disease following i@munotherapy, a peculiar outcome defined
hyperprogressior{(Fuentes-Antras J et al, 2018, Cancer Treat R8gsed on our data, we
performed an immunohistochemical analysis to evaltt®e immune tumor microenvironment in
a cohort of lung cancer patients treated with l&tl$ondazione IRCCS - Istituto Nazionale dei
Tumori di Milano. We found a cluster of macrophagdsaracterized by the simultaneous
expression of CD163, CD33, PD-L1 surface markedsegithelioid morphology in all tumors of
patients that experienced hyperprogressive diséagdighting again the central role of myeloid
cells in this phenomenon. As in humans, not allithenunodeficient preclinical models show
acceleration of tumor growth after PD-1 blockaderéipy. Indeed, it has been reported that anti-
PD-1 administration resulted in an inhibition ofrtor growth in a murine model of colon,

melanoma and head and neck carcinoma injectednammunocompentent miq&leffel S et al,
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2015, Cell; Terme M et al, 2011, Cancer Res; LietYal, 2017, Oncogene¥uggesting that
tumor cells of diverse origin may differently shapgeloid cell phenotype making them prone
(or not) to interact in a “non-conventional” waytivanti-PD-1 antibody.

Together our findings revealed that innate immueksccan affect the activity of anti-PD-1
antibody. The identification of a particular clusté myeloid cells, which might be involved in
the acceleration of tumor growth, might be of iestrsince it may allow to identify patients not

to be treated with this type of immunotherapy.

69



REFERENCES

70



Abbas AK, Murphy KM, Sher AFunctional diversity of helper T lymphocytes.Nature. 1996 Oct
31;383(6603):787-93.

Ahmadzadeh M, Johnson LA, Heemskerk B, Wunderligh Dudley ME, White DE, Rosenberg SA.
Tumor antigen-specific CD8 T cells infiltrating the tumor express high levels of PD-1 and are
functionally impaired. Blood. 2009 Aug 20;114(8):1537-44. doi: 10.118@du-2008-12-195792. Epub
2009 May 7.

Ahn E, Youngblood B, Lee J, Lee J, Sarkar S, AhrRedemethylation of the PD-1 Promoter Is
Imprinted during the Effector Phase of CD8 T Cell Exhaustion. J Virol. 2016 Sep 12;90(19):8934-46.
doi: 10.1128/JVI.00798-16. Print 2016 Oct 1.

Akbay EA, Koyama S, Carretero J, Altabef A, TchaiciH, Christensen CL, Mikse OR, Cherniack AD,
Beauchamp EM, Pugh TJ, Wilkerson MD, Fecci PE, BeyaM, Reibel JB, Soucheray M, Cohoon TJ,
Janne PA, Meyerson M, Hayes DN, Shapiro GI, Shimmany Sholl LM, Rodig SJ, Freeman GJ,
Hammerman PS, Dranoff G, Wong KKctivation of the PD-1 pathway contributes to immune escape
in EGFR-driven lung tumors. Cancer Discov. 2013 Dec;3(12):1355-63. doi: 10812559-8290.CD-13-
0310. Epub 2013 Sep 27.

Akira S, Takeda KToll-like receptor signalling. Nat Rev Immunol. 2004 Jul;4(7):499-511.
Akira S.TLR signaling. Curr Top Microbiol Immunol. 2006;311:1-16.

Albiger B, Dahlberg S, Henriques-Normark B, Norm&kRole of the innate immune system in host
defence against bacterial infections: focus on theToll-like receptors. J Intern Med. 2007
Jun;261(6):511-28.

Alexopoulou L, Holt AC, Medzhitov R, Flavell RARecognition of double-stranded RNA and
activation of NF-kappaB by Toll-like receptor 3.Nature. 2001 Oct 18;413(6857):732-8.

Ansari MJ, Salama AD, Chitnis T, Smith RN, Yagita Akiba H, Yamazaki T, Azuma M, Iwai H,
Khoury SJ, Auchincloss H Jr, Sayegh MMhe programmed death-1 (PD-1) pathway regulates
autoimmune diabetes in nonobese diabetic (NOD) micé Exp Med. 2003 Jul 7;198(1):63-9.

Ansell SM, Lesokhin AM, Borrello I, Halwani A, SdoEC, Gutierrez M, Schuster SJ, Millenson MM,
Cattry D, Freeman GJ, Rodig SJ, Chapuy B, Ligon ZHuy L, Grosso JF, Kim SY, Timmerman JM,
Shipp MA, Armand P.PD-1 blockade with nivolumab in relapsed or refratory Hodgkin's

lymphoma. N Engl J Med. 2015 Jan 22;372(4):311-9. doi: 186IREJM0al1411087. Epub 2014 Dec 6.

Arlauckas SP, Garris CS, Kohler RH, Kitaoka M, Carese MF, Yang KS, Miller MA, Carlson JC,
Freeman GJ, Anthony RM, Weissleder R, Pittet Mi.vivo imaging reveals a tumor-associated

macrophage-mediated resistance pathway in anti-PD-therapy. Sci Transl Med. 2017 May 10;9(389).
pii: eaal3604. doi: 10.1126/scitranslmed.aal3604.

Baecher-Allan C, Brown JA, Freeman GJ, Hafler D2D4+CD25+ regulatory cells from human
peripheral blood express very high levels of CD25xevivo. Novartis Found Symp. 2003;252:67-88;
discussion 88-91, 106-14.

Bai J, Gao Z, Li X, Dong L, Han W, Nie Regulation of PD-1/PD-L1 pathway and resistance tB8D-
1/PD-L1 blockade. Oncotarget. 2017 Nov 25;8(66):110693-110707. d6i:18632/oncotarget.22690.
eCollection 2017 Dec 15.

Ballas ZK, Krieg AM, Warren T, Rasmussen W, Davik, Waldschmidt M, Weiner GJDivergent
therapeutic and immunologic effects of oligodeoxyrtleotides with distinct CpG motifs.J Immunol.
2001 Nov 1;167(9):4878-86.

71



Bally AP, Lu P, Tang Y, Austin JW, Scharer CD, Ahhte, Boss JMNF-kB regulates PD-1 expression
in macrophages.J Immunol. 2015 May 1;194(9):4545-54. doi: 10.4fidfnunol.1402550. Epub 2015
Mar 25.

Barber DL, Wherry EJ, Masopust D, Zhu B, Allison 3harpe AH, Freeman GJ, AhmedRestoring
function in exhausted CD8 T cells during chronic il infection. Nature. 2006 Feb 9;439(7077):682-7.
Epub 2005 Dec 28.

Bardhan K, Anagnostou T, Boussiotis VAhe PD1:PD-L1/2 Pathway from Discovery to Clinical
Implementation. Front Immunol. 2016 Dec 12;7:550. doi: 10.3389/im2016.00550. eCollection 2016.

Beldi-Ferchiou A, Lambert M, Dogniaux S, Vély FWér E, Olive D, Dupuy S, Levasseur F, Zucman D,
Lebbé C, Sene D, Hivroz C, Caillat-ZucmanPR-1 mediates functional exhaustion of activated K
cells in patients with Kaposi sarcoma. Oncotarget. 2016 Nov 8;7(45):72961-72977. doi:
10.18632/oncotarget.12150.

Belizario JEImmunodeficient Mouse Models: An Overview.The Open Immunology Journal, 2009, 2:
79-85 doi: 10.2174/1874226200902010079

Berger KN, Pu JPD-1 pathway and its clinical application: A 20yeajourney after discovery of the
complete human PD-1 geneGene. 2018 Jan 5;638:20-25. doi: 10.1016/j.ged&.2@.050. Epub 2017
Sep 23.

Bernasconi NL, Onai N, Lanzavecchia A.role for Toll-like receptors in acquired immunity: up-
regulation of TLR9 by BCR triggering in naive B cels and constitutive expression in memory B
cells.Blood. 2003 Jun 1;101(11):4500-4. Epub 2003 Jan 30

Bivona TG, Pérez De Castro |, Ahearn IM, Grana TMiju VK, Lockyer PJ, Cullen PJ, Pellicer A, Cox
AD, Philips MR. Phospholipase Cgamma activates Ras on the Golgi pgratus by means of
RasGRP1.Nature. 2003 Aug 7;424(6949):694-8. Epub 20032Rn

Boettler T, Panther E, Bengsch B, Nazarova N, Speaioerg HC, Blum HE, Thimme HExpression of
the interleukin-7 receptor alpha chain (CD127) on wus-specific CD8+ T cells identifies functionally
and phenotypically defined memory T cells during agte resolving hepatitis B virus infection.J
Virol. 2006 Apr;80(7):3532-40.

Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steing Ready NE, Chow LQ, Vokes EE, Felip E,
Holgado E, Barlesi F, Kohlhaufl M, Arrieta O, BuogMA, Fayette J, Lena H, Poddubskaya E, Gerber
DE, Gettinger SN, Rudin CM, Rizvi N, Crino L, Blumgchein GR Jr, Antonia SJ, Dorange C, Harbison
CT, Graf Finckenstein F, Brahmer JRivolumab versus Docetaxel in Advanced Nonsquamou¢on-
Small-Cell Lung Cancer.N Engl J Med. 2015 Oct 22;373(17):1627-39. doil066/NEJM0al507643.
Epub 2015 Sep 27.

Butte MJ, Keir ME, Phamduy TB, Sharpe AH, Freemah BFogrammed death-1 ligand 1 interacts
specifically with the B7-1 costimulatory molecule @ inhibit T cell responses.Immunity. 2007
Jul;27(1):111-22. Epub 2007 Jul 12.

Calcaterra C, Sfondrini L, Rossini A, Sommariva Rumio C, Ménard S, Balsari ACritical role of
TLR9 in acute graft-versus-host diseasel Immunol. 2008 Nov 1;181(9):6132-9.

Callahan MK, Postow MA, Wolchok JDTargeting T Cell Co-receptors for Cancer Therapy.
Immunity. 2016 May 17;44(5):1069-78. doi: 10.10161muni.2016.04.023.

Carpentier AF, Chen L, Maltonti F, Delattre J®@ligodeoxynucleotides containing CpG motifs can
induce rejection of a neuroblastoma in miceCancer Res. 1999 Nov 1;59(21):5429-32.

72



Champiat S, Dercle L, Ammari S, Massard C, HollejoecA, Postel-Vinay S, Chaput N, Eggermont A,
Marabelle A, Soria JC, Ferté Blyperprogressive Disease Is a New Pattern of Proggsion in Cancer
Patients Treated by Anti-PD-1/PD-L1. Clin Cancer Res. 2017 Apr 15;23(8):1920-1928. doi:
10.1158/1078-0432.CCR-16-1741. Epub 2016 Nov 8.

Chang CH, Qiu J, O'Sullivan D, Buck MD, NoguchiQyrtis JD, Chen Q, Gindin M, Gubin MM, van der
Windt GJ, Tonc E, Schreiber RD, Pearce EJ, Peaice Metabolic Competition in the Tumor
Microenvironment Is a Driver of Cancer Progression. Cell. 2015 Sep 10;162(6):1229-41. doi:
10.1016/j.cell.2015.08.016. Epub 2015 Aug 27.

Chemnitz JM, Parry RV, Nichols KE, June CH, Rilek. ISHP-1 and SHP-2 associate with
immunoreceptor tyrosine-based switch motif of progammed death 1 upon primary human T cell
stimulation, but only receptor ligation prevents Tcell activation. J Immunol. 2004 Jul 15;173(2):945-
54.

Chinai JM, Janakiram M, Chen F, Chen W, Kaplan Mng X. New immunotherapies targeting the
PD-1 pathway. Trends Pharmacol Sci. 2015 Sep;36(9):587-95. #0i1016/].tips.2015.06.005. Epub
2015 Jul 7.

Chubachi S, Yasuda H, Irie H, Fukunaga K, NaokiS¢gjima K, Betsuyaku TA Case of Non-Small
Cell Lung Cancer with Possible "Disease Flare" on Nolumab Treatment. Case Rep Oncol Med.
2016;2016:1075641. doi: 10.1155/2016/1075641. 06 Dec 27.

Crellin NK, Garcia RV, Hadisfar O, Allan SE, SteinES, Levings MK.Human CD4+ T cells express
TLR5 and its ligand flagellin enhances the suppresge capacity and expression of FOXP3 in
CD4+CD25+ T regulatory cells.J Immunol. 2005 Dec 15;175(12):8051-9.

Dahan R, Sega E, Engelhardt J, Selby M, KormanR&¥etch JV.FcyRs Modulate the Anti-tumor
Activity of Antibodies Targeting the PD-1/PD-L1 Axis. Cancer Cell. 2015 Sep 14;28(3):285-95. doi:
10.1016/j.ccell.2015.08.004.

Davar D, Wilson M, Pruckner C, Kirkwood JNPD-1 Blockade in Advanced Melanoma in Patients
with Hepatitis C and/or HIV. Case Rep Oncol Med. 2015;2015:737389. doi: 10/PD8%/737389.
Epub 2015 Sep 10.

Day CL, Kaufmann DE, Kiepiela P, Brown JA, MoodE$, Reddy S, Mackey EW, Miller JD, Leslie AJ,
DePierres C, Mncube Z, Duraiswamy J, Zhu B, Eichba®, Altfeld M, Wherry EJ, Coovadia HM,
Goulder PJ, Klenerman P, Ahmed R, Freeman GJ, WB&IRe PD-1 expression on HIV-specific T cells
is associated with T-cell exhaustion and diseaseqgression.Nature. 2006 Sep 21;443(7109):350-4.
Epub 2006 Aug 20.

De Cesare M, Sfondrini L, Campiglio M, Sommariva Blanchi F, Perego P, van Rooijen N, Supino R,
Rumio C, Zunino F, Pratesi G, Tagliabue E, BaldarAscites regression and survival increase in mice
bearing advanced-stage human ovarian carcinomas anekpeatedly treated intraperitoneally with
CpG-ODN. J Immunother. 2010 Jan;33(1):8-15. doi: 10.109706013e3181affaa7.

Du S, McCall N, Park K, Guan Q, Fontina P, Ertelzhan T, Dicker AP, Lu BBlockade of Tumor-
Expressed PD-1 promotes lung cancer growthOncoimmunology. 2018 Jan 29;7(4):e1408747. doi:
10.1080/2162402X.2017.1408747. eCollection 2018.

Edwards AD, Diebold SS, Slack EM, Tomizawa H, HenkiniKaisho T, Akira S, Reis e Sousa Tall-
like receptor expression in murine DC subsets: laclof TLR7 expression by CD8 alphat DC
correlates with unresponsiveness to imidazoquinolas.Eur J Immunol. 2003 Apr;33(4):827-33.

73



Elhofy A, Depaolo RW, Lira SA, Lukacs NW, Karpus WMice deficient for CCR6 fail to control
chronic experimental autoimmune encephalomyelitis] Neuroimmunol. 2009 Aug 18;213(1-2):91-9.
doi: 10.1016/j.jneuroim.2009.05.011. Epub 2009 Tun

Fuentes-Antrds J, Provencio M, Diaz-Rubio Byperprogression as a distinct outcome after
immunotherapy. Cancer Treat Rev. 2018 Jul 18;70:16-21. doi: 1164@trv.2018.07.006. [Epub ahead
of print]

Gaillard SL, Secord AA, Monk BThe role of immune checkpoint inhibition in the treatment of
ovarian cancer.Gynecol Oncol Res Pract. 2016 Nov 24;3:11. eCitle016.

Garon EB, Rizvi NA, Hui R, Leighl N, BalmanoukiarSAEder JP, Patnaik A, Aggarwal C, Gubens M,
Horn L, Carcereny E, Ahn MJ, Felip E, Lee JS, Haltm MD, Hamid O, Goldman JW, Soria JC, Dolled-
Filhart M, Rutledge RZ, Zhang J, Lunceford JK, Raat R, Lubiniecki GM, Roach C, Emancipator K,
Gandhi L; KEYNOTE-001 Investigator®embrolizumab for the treatment of non-small-celllung
cancer.N Engl J Med. 2015 May 21;372(21):2018-28. doi:1066/NEJM0al1501824. Epub 2015 Apr
19.

Gordon SR, Maute RL, Dulken BW, Hutter G, George ,BitCracken MN, Gupta R, Tsai JM, Sinha R,
Corey D, Ring AM, Connolly AJ, Weissman IPD-1 expression by tumour-associated macrophages
inhibits phagocytosis and tumour immunity. Nature. 2017 May 25;545(7655):495-499. doi:
10.1038/nature22396. Epub 2017 May 17.

Guilliams M, Bruhns P, Saeys Y, Hammad H, LambreBh. The function of Fcy receptors in
dendritic cells and macrophages.Nat Rev Immunol. 2014 Feb;14(2):94-108. doi: 188/@ri3582.
Epub 2014 Jan 21.

Ha SJ, Mueller SN, Wherry EJ, Barber DL, Aubert Fbarpe AH, Freeman GJ, AhmedEhhancing
therapeutic vaccination by blocking PD-1-mediated rihibitory signals during chronic infection. J
Exp Med. 2008 Mar 17;205(3):543-55. doi: 10.108#/20071949. Epub 2008 Mar 10.

Héacker H, Mischak H, Hacker G, Eser S, Prenzel Mjdd A, Wagner H.Cell type-specific activation
of mitogen-activated protein kinases by CpG-DNA camols interleukin-12 release from antigen-
presenting cellsEMBO J. 1999 Dec 15;18(24):6973-82.

Hagemann T, Wilson J, Burke F, Kulbe H, Li NF, Rlachann A, Charles K, Gordon S, Balkwill FR
Ovarian cancer cells polarize macrophages toward aumor-associated phenotyped Immunol. 2006
Apr 15;176(8):5023-32.

Hamanishi J, Mandai M, Ikeda T, Minami M, KawaguéhiMurayama T, Kanai M, Mori Y, Matsumoto
S, Chikuma S, Matsumura N, Abiko K, Baba T, Yamdgu¢, Ueda A, Hosoe Y, Morita S, Yokode M,
Shimizu A, Honjo T, Konishi ISafety and Antitumor Activity of Anti-PD-1 Antibod y, Nivolumab, in
Patients With Platinum-Resistant Ovarian Cancer.J Clin Oncol. 2015 Dec 1;33(34):4015-22. doi:
10.1200/JC0.2015.62.3397. Epub 2015 Sep 8.

Hamanishi J, Mandai M, lwasaki M, Okazaki T, Tan&karamaguchi K, Higuchi T, Yagi H, Takakura
K, Minato N, Honjo T, Fujii S.Programmed cell death 1 ligand 1 and tumor-infiltating CD8+ T
lymphocytes are prognostic factors of human ovariarcancer. Proc Natl Acad Sci U S A. 2007 Feb
27;104(9):3360-5. Epub 2007 Feb 21.

Hamdy S, Molavi O, Ma Z, Haddadi A, Alshamsan A b8, Elhasi S, Samuel J, Lavasanifar @o-
delivery of cancer-associated antigen and Toll-likeeceptor 4 ligand in PLGA nanoparticles induces
potent CD8+ T cell-mediated anti-tumor immunity. Vaccine. 2008 Sep 15;26(39):5046-57. doi:
10.1016/j.vaccine.2008.07.035. Epub 2008 Aug 3.

74



Hamerman JA, Ogasawara K, Lanier LCutting edge: Toll-like receptor signaling in macophages
induces ligands for the NKG2D receptorJ Immunol. 2004 Feb 15;172(4):2001-5.

Hamid O, Robert C, Daud A, Hodi FS, Hwu WJ, KeffekdWolchok JD, Hersey P, Joseph RW, Weber
JS, Dronca R, Gangadhar TC, Patnaik A, Zarour BhuJa AM, Gergich K, Elassaiss-Schaap J, Algazi A,
Mateus C, Boasberg P, Tumeh PC, Chmielowski B, iigiitaus SW, Li XN, Kang SP, Ribas 8afety
and tumor responses with lambrolizumab (anti-PD-1)in melanoma. N Engl J Med. 2013 Jul
11;369(2):134-44. doi: 10.1056/NEJM0a1305133. Epab3 Jun 2.

Hartmann G, Krieg AMMechanism and function of a newly identified CpG INA motif in human
primary B cells. J Immunol. 2000 Jan 15;164(2):944-53.

Hartmann G, Weeratna RD, Ballas ZK, Payette P,atl S, Suparto I, Rasmussen WL, Waldschmidt
M, Sajuthi D, Purcell RH, Davis HL, Krieg AMUDelineation of a CpG phosphorothioate
oligodeoxynucleotide for activating primate immuneresponses in vitro and in vivo.J Immunol. 2000
Feb 1;164(3):1617-24.

Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, Gitett DR, Eng JK, Akira S, Underhill DM,
Aderem A.The innate immune response to bacterial flagellins mediated by Toll-like receptor 5.
Nature. 2001 Apr 26;410(6832):1099-103.

Heckelsmiller K, Rall K, Beck S, Schlamp A, Seidede Jahrsdorfer B, Krug A, Rothenfusser S, Endres
S, Hartmann GPeritumoral CpG DNA elicits a coordinated responseof CD8 T cells and innate
effectors to cure established tumors in a murine don carcinoma model.J Immunol. 2002 Oct
1;169(7):3892-9.

Heil F, Hemmi H, Hochrein H, Ampenberger F, KirsotinC, Akira S, Lipford G, Wagner H, Bauer S.
Species-specific recognition of single-stranded RNwia toll-like receptor 7 and 8.Science. 2004 Mar
5;303(5663):1526-9. Epub 2004 Feb 19.

Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, j8af, Matsumoto M, Hoshino K, Wagner H,
Takeda K, Akira SA Toll-like receptor recognizes bacterial DNA.Nature. 2000 Dec 7;408(6813):740-
5.

Hino R, Kabashima K, Kato Y, Yagi H, Nakamura M, fjto T, Okazaki T, Tokura YTumor cell
expression of programmed cell death-1 ligand 1 is prognostic factor for malignant melanoma.
Cancer. 2010 Apr 1;116(7):1757-66. doi: 10.1002/@4899.

Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman Haanen JB, Gonzalez R, Robert C,
Schadendorf D, Hassel JC, Akerley W, van den Egitwg], Lutzky J, Lorigan P, Vaubel JM, Linette
GP, Hogg D, Ottensmeier CH, Lebbé C, Peschel CrtQuClark JI, Wolchok JD, Weber JS, Tian J,
Yellin MJ, Nichol GM, Hoos A, Urba WJlmproved survival with ipilimumab in patients with
metastatic melanomaN Engl J Med. 2010 Aug 19;363(8):711-23. doi: D34/NEJM0al1003466. Epub
2010 Jun 5.

Hoffmann JA.The immune response of DrosophilaNature. 2003 Nov 6;426(6962):33-8.

Hopkins PA, Sriskandan SMlammalian Toll-like receptors: to immunity and beyond. Clin Exp
Immunol. 2005 Jun;140(3):395-407.

Hornung M, Farkas SA, Sattler C, Schlitt HJ, Geis&§lK. DX5+ NKT cells induce the death of colitis-
associated cells: involvement of programmed deatlghand-1. Eur J Immunol. 2006 May;36(5):1210-
21.

Hsu J, Hodgins JJ, Marathe M, Nicolai CJ, Bourg&maggneault MC, Trevino TN, Azimi CS, Scheer
AK, Randolph HE, Thompson TW, Zhang L, lannello Mathur N, Jardine KE, Kirn GA, Bell JC,
McBurney MW, Raulet DH, Ardolino MContribution of NK cells to immunotherapy mediated by

75



PD-1/PD-L1 blockade.J Clin Invest. 2018 Sep 10. pii: 99317. doi: 1G2/1CI199317. [Epub ahead of
print]

Ishida Y, Agata Y, Shibahara K, Honjo Thduced expression of PD-1, a novel member of the
immunoglobulin gene superfamily, upon programmed dédeath. EMBO J. 1992 Nov;11(11):3887-95.

Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, Mito N.Involvement of PD-L1 on tumor cells in
the escape from host immune system and tumor immuiteerapy by PD-L1 blockade.Proc Natl Acad
Sci U S A. 2002 Sep 17;99(19):12293-7. Epub 20q265e

Iwai Y, Terawaki S, lkegawa M, Okazaki T, HonjoAD-1 inhibits antiviral immunity at the effector
phase in the liver.J Exp Med. 2003 Jul 7;198(1):39-50.

Iwasaki A, Medzhitov RToll-like receptor control of the adaptive immuneresponsesNat Immunol.
2004 Oct;5(10):987-95.

Johnson DB, Lovly CM, Flavin M, Panageas KS, Ay@i3, Zhao Z, lams WT, Colgan M, DeNoble S,
Terry CR, Berry EG, lafrate AJ, Sullivan RJ, CaaldRD, Sosman JAmpact of NRAS mutations for
patients with advanced melanoma treated with immunetherapies. Cancer Immunol Res. 2015
Mar;3(3):288-295. doi: 10.1158/2326-6066.CIR-14-D20

Kadowaki N, Ho S, Antonenko S, Malefyt RW, Kasteld®A, Bazan F, Liu YJSubsets of human
dendritic cell precursors express different toll-lke receptors and respond to different microbial
antigens.J Exp Med. 2001 Sep 17;194(6):863-9.

Kao C, Oestreich KJ, Paley MA, Crawford A, AngelosaJM, Ali MA, Intlekofer AM, Boss JM, Reiner
SL, Weinmann AS, Wherry EJranscription factor T-bet represses expression ofhe inhibitory
receptor PD-1 and sustains virus-specific CD8+ T Heresponses during chronic infection. Nat
Immunol. 2011 May 29;12(7):663-71. doi: 10.103&2646.

Kato S, Goodman A, Walavalkar V, Barkauskas DA, r8baA, Kurzrock R.Hyperprogressors after
Immunotherapy: Analysis of Genomic Alterations Assaciated with Accelerated Growth Rate.Clin
Cancer Res. 2017 Aug 1;23(15):4242-4250. doi: BBI1078-0432.CCR-16-3133. Epub 2017 Mar 28.

Kawarada Y, Ganss R, Garbi N, Sacher T, Arnold 8nirherling GINK- and CD8(+) T cell-mediated
eradication of established tumors by peritumoral ijection of CpG-containing
oligodeoxynucleotidesJ Immunol. 2001 Nov 1;167(9):5247-53.

Keir ME, Butte MJ, Freeman GJ, Sharpe APD-1 and its ligands in tolerance and immunity Annu
Rev Immunol. 2008;26:677-704. doi: 10.1146/annumawunol.26.021607.090331.

Kinter AL, Godbout EJ, McNally JP, Sereti |, RobyAE0'Shea MA, Fauci ASThe common gamma-
chain cytokines IL-2, IL-7, IL-15, and IL-21 induce the expression of programmed death-1 and its
ligands.J Immunol. 2008 Nov 15;181(10):6738-46.

Kleffel S, Posch C, Barthel SR, Mueller H, Schlagib&, Guenova E, Elco CP, Lee N, Juneja VR, Zhan
Q, Lian CG, Thomi R, Hoetzenecker W, Cozzio A, DuanrR, Mihm MC Jr, Flaherty KT, Frank MH,
Murphy GF, Sharpe AH, Kupper TS, SchattonMelanoma Cell-Intrinsic PD-1 Receptor Functions
Promote Tumor Growth. Cell. 2015 Sep 10;162(6):1242-56. doi: 10.1016l.2015.08.052.

Klinman DM. Immunotherapeutic uses of CpG oligodeoxynucleotide Nat Rev Immunol. 2004
Apr;4(4):249-58.

Krieg AM, Yi AK, Matson S, Waldschmidt TJ, BishopAG Teasdale R, Koretzky GA, Klinman DM.
CpG motifs in bacterial DNA trigger direct B-cell activation. Nature. 1995 Apr 6;374(6522):546-9.

76



Krieg AM. Antiinfective applications of toll-like receptor 9 agonists. Proc Am Thorac Soc. 2007
Jul;4(3):289-94.

Krieg AM. Antitumor applications of stimulating toll-like receptor 9 with CpG
oligodeoxynucleotidesCurr Oncol Rep. 2004 Mar;6(2):88-95.

Krieg AM. Development of TLR9 agonists for cancer therapyJ Clin Invest. 2007 May;117(5):1184-
94.

Krieg AM. Therapeutic potential of Toll-like receptor 9 actvation. Nat Rev Drug Discov. 2006
Jun;5(6):471-84.

Krug A, Rothenfusser S, Hornung V, Jahrsdérfer BacBwell S, Ballas ZK, Endres S, Krieg AM,
Hartmann Gldentification of CpG oligonucleotide sequences Wi high induction of IFN-alpha/beta
in plasmacytoid dendritic cells.Eur J Immunol. 2001 Jul;31(7):2154-63.

Lahmar, J., Facchinetti, F., Koscielny, S., Fe@e,Mezquita, L., Bluthgen, M.V., Lindsay, C.R., @d,
J., Planchard, D., Soria, J.C., Besse, B., 28fféct of tumor growth rate (TGR) on response patterns
of checkpoint inhibitors in non-small cell lung caer (NSCLC). J. Clin. Oncol. 34 (suppl; abstract
9034).

Lamichhane P, Karyampudi L, Shreeder B, KrempsBiahr D, Daum J, Kalli KR, Goode EL, Block MS,
Cannon MJ, Knutson KLIL10 Release upon PD-1 Blockade Sustains Immunospgession in
Ovarian Cancer. Cancer Res. 2017 Dec 1;77(23):6667-6678. doi: 1B8/MD008-5472.CAN-17-0740.
Epub 2017 Oct 9.

Larkin J, Hodi FS, Wolchok JBCombined Nivolumab and Ipilimumab or Monotherapy in Untreated
Melanoma. N Engl J Med. 2015 Sep 24;373(13):1270-1. doi1QB6/NEJMc1509660.

Le Noci V, Tortoreto M, Gulino A, Storti C, Bianchi, Zaffaroni N, Tripodo C, Tagliabue E, Balsari A,
Sfondrini L. Poly(I:C) and CpG-ODN combined aerosolization toreat lung metastases and counter
the immunosuppressive microenvironment. Oncoimmunology. 2015 May 27;4(10):e1040214.
eCollection 2015 Oct.

Lee J, Mo JH, Katakura K, Alkalay I, Rucker AN, LYII, Lee HK, Shen C, Cojocaru G, Shenouda S,
Kagnoff M, Eckmann L, Ben-Neriah Y, Raz Mlaintenance of colonic homeostasis by distinctive
apical TLR9 signalling in intestinal epithelial cels. Nat Cell Biol. 2006 Dec;8(12):1327-36. Epub 2006
Nov 26.

Leifer CA, Brooks JC, Hoelzer K, Lopez J, KennediMMazzoni A, Segal DMCytoplasmic targeting
motifs control localization of toll-like receptor 9. J Biol Chem. 2006 Nov 17;281(46):35585-92. Epub
2006 Sep 21.

Leonard JP, Link BK, Emmanouilides C, Gregory SAgi¥dorf D, Andrey J, Hainsworth J, Sparano JA,
Tsai DE, Horning S, Krieg AM, Weiner GPhase | trial of toll-like receptor 9 agonist PF-812676
with and following rituximab in patients with recur rent indolent and aggressive non Hodgkin's
lymphoma. Clin Cancer Res. 2007 Oct 15;13(20):6168-74.

Liang SC, Latchman YE, Buhlmann JE, Tomczak MF witr BH, Freeman GJ, Sharpe ARegulation
of PD-1, PD-L1, and PD-L2 expression during normahand autoimmune responseskEur J Immunol.
2003 Oct;33(10):2706-16.

Lin DY, Tanaka Y, lwasaki M, Gittis AG, Su HP, Mika B, Okazaki T, Honjo T, Minato N, Garboczi
DN. The PD-1/PD-L1 complex resembles the antigen-binay Fv domains of antibodies and T cell
receptors. Proc Natl Acad Sci U S A. 2008 Feb 26;105(8):361toi: 10.1073/pnas.0712278105. Epub
2008 Feb 14.

77



Link BK, Ballas ZK, Weisdorf D, Wooldridge JE, Bdss AD, Shannon M, Rasmussen WL, Krieg AM,
Weiner GJ. Oligodeoxynucleotide CpG 7909 delivered as intraveus infusion demonstrates
immunologic modulation in patients with previouslytreated non-Hodgkin lymphoma.J Immunother.
2006 Sep-Oct;29(5):558-68.

Liu Y, Cheng Y, Xu Y, Wang Z, Du X, Li C, Peng JaGL, Liang X, Ma Clncreased expression of
programmed cell death protein 1 on NK cells inhibis NK-cell-mediated anti-tumor function and
indicates poor prognosis in digestive cancersOncogene. 2017 Nov 2;36(44):6143-6153. doi:
10.1038/0onc.2017.209. Epub 2017 Jul 10.

Liu Y, Yu Y, Yang S, Zeng B, Zhang Z, Jiao G, ZharigCai L, Yang R.Regulation of arginase |
activity and expression by both PD-1 and CTLA-4 orthe myeloid-derived suppressor cellsCancer
Immunol Immunother. 2009 May;58(5):687-97. doi:11I7/s00262-008-0591-5. Epub 2008 Oct 1.

Lo Russo G, Moro M, Sommariva M, Cancila V, Boerj 8entonze G, Ferro S, Ganzinelli M, Gaspatrini
P, Huber V, Milione M, Porcu L, Proto C, Pruneri Gignorelli D, Sangaletti S, Sfondrini L, Storti C,
Tassi E, Bardelli A, Marsoni S, Torri V, Tripodo Cplombo MP, Anichini A, Rivoltini L, Balsari A,
Sozzi G, Garassino MAntibody-Fc/FcR Interaction on Macrophages as a Mehanism for
Hyperprogressive Disease in Non-Small Cell Lung Caer Subsequent to PD-1/PD-L1 Blockade.
Clin Cancer Res. 2018 Sep 11. pii: clincanres.IZ%®. doi: 10.1158/1078-0432.CCR-18-1390. [Epub
ahead of print]

Lonsdorf AS, Kuekrek H, Stern BV, Boehm BO, Lehmdp¥i, Tary-Lehmann MIntratumor CpG-
oligodeoxynucleotide injection induces protective ritumor T cell immunity. J Immunol. 2003 Oct
15;171(8):3941-6.

Lu P, Youngblood BA, Austin JW, Mohammed AU, Butler Ahmed R, Boss JMBIimp-1 represses
CD8 T cell expression of PD-1 using a feed-forwardranscriptional circuit during acute viral
infection. J Exp Med. 2014 Mar 10;211(3):515-27. doi: 10.184.20130208. Epub 2014 Mar 3.

Mangsbo SM, Sandin LC, Anger K, Korman AJ, Loskog Fotterman TH.Enhanced tumor
eradication by combining CTLA-4 or PD-1 blockade wih CpG therapy. J Immunother. 2010
Apr;33(3):225-35. doi: 10.1097/CJI1.0b013e3181c01fcb

Marzec M, Zhang Q, Goradia A, Raghunath PN, LiuP4essler M, Wang HY, Wysocka M, Cheng M,
Ruggeri BA, Wasik MA. Oncogenic kinase NPM/ALK induces through STAT3 expession of
immunosuppressive protein CD274 (PD-L1, B7-H1).Proc Natl Acad Sci U S A. 2008 Dec
30;105(52):20852-7. doi: 10.1073/pnas.081095819p6bE2008 Dec 16.

Mathieu M, Cotta-Grand N, Daudelin JF, ThébaultLBbrecque N.Notch signaling regulates PD-1
expression during CD8(+) T-cell activation. Immunol Cell Biol. 2013 Jan;91(1):82-8. doi:
10.1038/icb.2012.53. Epub 2012 Oct 16.

McKee SJ, Doff BL, Soon MS, Mattarollo SRherapeutic Efficacy of 4-1BB Costimulation Is
Abrogated by PD-1 Blockade in a Model of SpontaneauB-cell Lymphoma. Cancer Immunol Res.
2017 Mar;5(3):191-197. doi: 10.1158/2326-6066.CBROR49. Epub 2017 Jan 23.

McPherson RC, Konkel JE, Prendergast CT, ThomspiO@Bviano R, Leech MD, Kay O, Zandee SE,
Sweenie CH, Wraith DC, Meehan RR, Drake AJ, Ande®d. Epigenetic modification of the PD-1
(Pdcdl) promoter in effector CD4(+) T cells toleried by peptide immunotherapy.Elife. 2014 Dec
29;3. doi: 10.7554/eLife.03416.

Medzhitov R, Preston-Hurlburt P, Janeway CAAlhuman homologue of the Drosophila Toll protein
signals activation of adaptive immunity.Nature. 1997 Jul 24;388(6640):394-7.

78



Messenheimer DJ, Jensen SM, Afentoulis ME, Wegnéinh Feng Z, Friedman DJ, Gough MJ, Urba
WJ, Fox BA.Timing of PD-1 Blockade Is Critical to Effective Gmbination Immunotherapy with
Anti-OX40. Clin Cancer Res. 2017 Oct 15;23(20):6165-6177: @6i1158/1078-0432.CCR-16-2677.
Epub 2017 Aug 28.

Mikulandra M, Pavelic J, Glavan TNRecent Findings on the Application of Toll-like Reeptors
Agonists in  Cancer Therapy. Curr Med Chem. 2017;24(19):2011-2032. doi:
10.2174/0929867324666170320114359.

Motzer RJ, Rini Bl, McDermott DF, Redman BG, KuZ&ll, Harrison MR, Vaishampayan UN, Drabkin
HA, George S, Logan TF, Margolin KA, Plimack ER, nhlaert AM, Waxman IM, Hammers HJ.
Nivolumab for Metastatic Renal Cell Carcinoma: Resits of a Randomized Phase Il Trial.J Clin
Oncol. 2015 May 1;33(13):1430-7. doi: 10.1200/JA@Q4£59.0703. Epub 2014 Dec 1.

Murad YM, Clay TM. CpG oligodeoxynucleotides as TLR9 agonists: therautic applications in
cancer.BioDrugs. 2009;23(6):361-75. doi: 10.2165/11316980000000-00000.

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilro\MDGoerdt S, Gordon S, Hamilton JA, Ivashkiv LB,
Lawrence T, Locati M, Mantovani A, Martinez FO, MedL, Mosser DM, Natoli G, Saeij JP, Schultze
JL, Shirey KA, Sica A, Suttles J, Udalova |, vam@rachter JA, Vogel SN, Wynn TMacrophage
activation and polarization: nomenclature and expeimental guidelines. Immunity. 2014 Jul
17;41(1):14-20. doi: 10.1016/j.immuni.2014.06.008.

Neel BG, Gu H, Pao LThe 'Shp'ing news: SH2 domain-containing tyrosingohosphatases in cell
signaling. Trends Biochem Sci. 2003 Jun;28(6):284-93.

Nielsen C, Ohm-Laursen L, Barington T, Husby Sleihng ST.Alternative splice variants of the
human PD-1 geneCell Immunol. 2005 Jun;235(2):109-16. Epub 200p &e.

Nishimura H, Nose M, Hiai H, Minato N, Honjo Development of lupus-like autoimmune diseases by
disruption of the PD-1 gene encoding an ITIM motifearrying immunoreceptor. Immunity. 1999
Aug;11(2):141-51.

Nishimura H, Okazaki T, Tanaka Y, Nakatani K, HefaMatsumori A, Sasayama S, Mizoguchi A, Hiai
H, Minato N, Honjo T.Autoimmune dilated cardiomyopathy in PD-1 receptordeficient mice.
Science. 2001 Jan 12;291(5502):319-22.

Noman MZ, Desantis G, Janji B, Hasmim M, Karrayp@ssen P, Bronte V, ChouaibFD-L1 is a novel
direct target of HIF-1a, and its blockade under hypoxia enhanced MDSC-medied T cell
activation. J Exp Med. 2014 May 5;211(5):781-90. doi: 10.1(84/20131916. Epub 2014 Apr 28.

Oestreich KJ, Yoon H, Ahmed R, Boss JNFATc1 regulates PD-1 expression upon T cell acttion.
J Immunol. 2008 Oct 1;181(7):4832-9.

Okazaki T, Honjo TPD-1 and PD-1 ligands: from discovery to clinicaapplication. Int Immunol. 2007
Jul;19(7):813-24. Epub 2007 Jul 2.

Okazaki T, Maeda A, Nishimura H, Kurosaki T, Horjo PD-1 immunoreceptor inhibits B cell
receptor-mediated signaling by recruiting src homabgy 2-domain-containing tyrosine phosphatase
2 to phosphotyrosineProc Natl Acad Sci U S A. 2001 Nov 20;98(24):13986 Epub 2001 Nov 6.

O'Sullivan D, Pearce EL.Targeting T cell metabolism for therapy. Trends Immunol. 2015
Feb;36(2):71-80. doi: 10.1016/}.it.2014.12.004. E2015 Jan 15.

Pardoll DM. The blockade of immune checkpoints in cancer immuwtherapy. Nat Rev Cancer. 2012
Mar 22;12(4):252-64. doi: 10.1038/nrc3239.

79



Parker LC, Prince LR, Sabroe Translational mini-review series on Toll-like recetors: networks
regulated by Toll-like receptors mediate innate andadaptive immunity. Clin Exp Immunol. 2007
Feb;147(2):199-207.

Parry RV, Chemnitz JM, Frauwirth KA, Lanfranco ABraunstein |, Kobayashi SV, Linsley PS,
Thompson CB, Riley JL.CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct
mechanisms Mol Cell Biol. 2005 Nov;25(21):9543-53.

Parsa AT, Waldron JS, Panner A, Crane CA, ParneBéfry JJ, Cachola KE, Murray JC, Tihan T,
Jensen MC, Mischel PS, Stokoe D, Pieper R&s of tumor suppressor PTEN function increases'B
H1 expression and immunoresistance in gliomaat Med. 2007 Jan;13(1):84-8. Epub 2006 Dec 10.

Pashenkov M, Goéss G, Wagner C, Hoérmann M, Jandlidser A, Britten CM, Smolle J, Koller S,
Mauch C, Tantcheva-Poor I, Grabbe S, Loquai C, iEESsé&ranckson T, Schneeberger A, Haarmann C,
Krieg AM, Stingl G, Wagner SNPhase |l trial of a toll-like receptor 9-activating oligonucleotide in
patients with metastatic melanomadJ Clin Oncol. 2006 Dec 20;24(36):5716-24.

Patsoukis N, Bardhan K, Chatterjee P, Sari D, LilB8Il LN, Karoly ED, Freeman GJ, Petkova V, Seth
P, Li L, Boussiotis VA.PD-1 alters T-cell metabolic reprogramming by inhbiting glycolysis and
promoting lipolysis and fatty acid oxidation. Nat Commun. 2015 Mar 26;6:6692. doi:
10.1038/ncomms7692.

Patsoukis N, Brown J, Petkova V, Liu F, Li L, Bow$s VA. Selective effects of PD-1 on Akt and Ras
pathways regulate molecular components of the ceatlycle and inhibit T cell proliferation. Sci Signal.
2012 Jun 26;5(230):ra46. doi: 10.1126/scisighalZ06.

Patsoukis N, Li L, Sari D, Petkova V, Boussiotis VD-1 increases PTEN phosphatase activity while
decreasing PTEN protein stability by inhibiting cagin kinase 2. Mol Cell Biol. 2013
Aug;33(16):3091-8. doi: 10.1128/MCB.00319-13. E2@4.3 Jun 3.

Peng G, Guo Z, Kiniwa Y, Voo KS, Peng W, Fu T, Wdny, Li Y, Wang HY, Wang RFToll-like
receptor 8-mediated reversal of CD4+ regulatory T ell function. Science. 2005 Aug
26;309(5739):1380-4.

Pesce S, Greppi M, Tabellini G, Rampinelli F, Paidb, Olive D, Moretta L, Moretta A, Marcenaro E.
Identification of a subset of human natural killer cells expressing high levels of programmed death
1: A phenotypic and functional characterization.J Allergy Clin Immunol. 2017 Jan;139(1):335-346.e3
doi: 10.1016/j.jaci.2016.04.025. Epub 2016 May 27.

Pitt JM, Vétizou M, Daillere R, Roberti MP, Yamatzdk Routy B, Lepage P, Boneca IG, Chamaillard M,
Kroemer G, Zitvogel LResistance Mechanisms to Immune-Checkpoint Blockadn Cancer: Tumor-
Intrinsic  and  -Extrinsic  Factors. Immunity. 2016  Jun  21;44(6):1255-69.  doi:
10.1016/j.immuni.2016.06.001.

Ramakrishna V, Vasilakos JP, Tario JD Jr, Berger, M¥allace PK, Keler T.Toll-like receptor
activation enhances cell-mediated immunity inducedby an antibody vaccine targeting human
dendritic cells. J Transl Med. 2007 Jan 25;5:5.

Robert C, Long GV, Brady B, Dutriaux C, Maio M, Mier L, Hassel JC, Rutkowski P, McNeil C,
Kalinka-Warzocha E, Savage KJ, Hernberg MM, LebhéCGarles J, Mihalcioiu C, Chiarion-Sileni V,
Mauch C, Cognetti F, Arance A, Schmidt H, SchadehBo Gogas H, Lundgren-Eriksson L, Horak C,
Sharkey B, Waxman IM, Atkinson V, Ascierto PNivolumab in previously untreated melanoma
without BRAF mutation. N Engl J Med. 2015 Jan 22;372(4):320-30. doi: AB6INEJM0a1412082.
Epub 2014 Nov 16.

Robert C, Schachter J, Long GV, Arance A, GrotMiadrtier L, Daud A, Carlino MS, McNeil C, Lotem
M, Larkin J, Lorigan P, Neyns B, Blank CU, Hamid @ateus C, Shapira-Frommer R, Kosh M, Zhou H,

80



Ibrahim N, Ebbinghaus S, Ribas A; KEYNOTE-006 inigetors.Pembrolizumab versus Ipilimumab
in Advanced Melanoma.N Engl J Med. 2015 Jun 25;372(26):2521-32. doi1@86/NEJM0al1503093.
Epub 2015 Apr 19.

Saada-Bouzid E, Defaucheux C, Karabajakian A, CalMR, Servois V, Paoletti X, Even C, Fayette J,
Guigay J, Loirat D, Peyrade F, Alt M, Gal J, Le Tieeau C.Hyperprogression during anti-PD-1/PD-

L1 therapy in patients with recurrent and/or metastatic head and neck squamous cell carcinoma.
Ann Oncol. 2017 Jul 1;28(7):1605-1611. doi: 10.Y@88onc/mdx178.

Saada-Bouzid, E., Defaucheux, C., KarabajakianPAlpmar Coloma, V., Servois, V., Paoletti, X., Eve
C., Fayette, J., Guigay, J., Loirat, D., Romang,2B816.Tumor's flare-up and patterns of recurrence
in patients (pts) with recurrent and/or metastatic (R/M) head and neck squamous cell carcinoma
(HNSCC) treated with anti-PD1/PDL1inhibitors. J. Clin. Oncol. 34 (suppl; abstract 6072).

Said EA, Dupuy FP, Trautmann L, Zhang Y, Shi Y,Hak M, Hill BJ, Noto A, Ancuta P, Peretz Y,
Fonseca SG, Van Grevenynghe J, Boulassel MR, Buhe8houkry NH, Routy JP, Douek DC, Haddad
EK, Sekaly RP.Programmed death-1-induced interleukin-10 producton by monocytes impairs
CD4+ T cell activation during HIV infection. Nat Med. 2010 Apr;16(4):452-9. doi: 10.1038/nm.210
Epub 2010 Mar 7.

Salama AD, Chitnis T, Imitola J, Ansari MJ, Akibg Hushima F, Azuma M, Yagita H, Sayegh MH,
Khoury SJ.Critical role of the programmed death-1 (PD-1) pahway in regulation of experimental
autoimmune encephalomyelitisJ Exp Med. 2003 Jul 7;198(1):71-8.

Sato-Kaneko F, Yao S, Ahmadi A, Zhang SS, Hosoy&dneda MM, Varner JA, Pu M, Messer KS,
Guiducci C, Coffman RL, Kitaura K, Matsutani T, Sz R, Carson DA, Hayashi T, Cohen EE.
Combination immunotherapy with TLR agonists and chekpoint inhibitors suppresses head and
neck cancer.JCI Insight. 2017 Sep 21;2(18). pii: 93397. dd@:11.72/jci.insight.93397. [Epub ahead of
print]

Sheppard KA, Fitz LJ, Lee JM, Benander C, GeorgeWaoters J, Qiu Y, Jussif JM, Carter LL, Wood
CR, Chaudhary DPD-1 inhibits T-cell receptor induced phosphorylaibn of the ZAP70/CD3zeta
signalosome and downstream signaling to PKCthet&EBS Lett. 2004 Sep 10;574(1-3):37-41.

Shrimali RK, Ahmad S, Verma V, Zeng P, Ananth SuGR, Gittelman RM, Yusko E, Sanders C, Robins
H, Hammond SA, Janik JE, Mkrtichyan M, Gupta S,&hEN. Concurrent PD-1 Blockade Negates the
Effects of OX40 Agonist Antibody in Combination Immunotherapy through Inducing T-cell
Apoptosis. Cancer Immunol Res. 2017 Sep;5(9):755-766. dol 188/2326-6066.CIR-17-0292.

Solaymani-Mohammadi S, Lakhdari O, Minev |, Sheromus, Frey BF, Billeskov R, Singer SM,
Berzofsky JA, Eckmann L, Kagnoff MH.ack of the programmed death-1 receptor renders hst
susceptible to enteric microbial infection throughimpairing the production of the mucosal natural
killer cell effector molecules.J Leukoc Biol. 2016 Mar;99(3):475-82. doi: 10.14824A0115-003RR.
Epub 2015 Oct 14.

Sommariva M, De Cecco L, De Cesare M, SfondrirViénard S, Melani C, Delia D, Zaffaroni N, Pratesi
G, Uva V, Tagliabue E, Balsari A.LR9 agonists oppositely modulate DNA repair genes tumor
versus immune cells and enhance chemotherapy effec€ancer Res. 2011 Oct 15;71(20):6382-90. doi:
10.1158/0008-5472.CAN-11-1285. Epub 2011 Aug 30.

Sommariva M, de Cesare M, Meini A, Cataldo A, Zadfa N, Tagliabue E, Balsari Adigh efficacy of
CpG-ODN, cetuximab and cisplatin combination for vey advanced ovarian xenograft tumors.J
Transl Med. 2013 Jan 29;11:25. doi: 10.1186/147885B1-25.

81



Sommariva M, Le Noci V, Storti C, Bianchi F, Tadliee E, Balsari A, Sfondrini LActivation of NK
cell cytotoxicity by aerosolized CpG-ODN/poly(l:C)against lung melanoma metastases is mediated
by alveolar macrophages.Cell Immunol. 2017 Mar;313:52-58. doi: 10.1016#lienm.2017.01.004.
Epub 2017 Jan 5.

Spaner DE, Masellis AToll-like receptor agonists in the treatment of chonic lymphocytic leukemia.
Leukemia. 2007 Jan;21(1):53-60. Epub 2006 Oct 26.

Staron MM, Gray SM, Marshall HD, Parish IA, Chen, Jerry CJ, Cui G, Li MO, Kaech SMhe
transcription factor FoxO1 sustains expression ofhe inhibitory receptor PD-1 and survival of
antiviral CD8(+) T cells during chronic infection. Immunity. 2014 Nov 20;41(5):802-14. doi:
10.1016/j.immuni.2014.10.013. Epub 2014 Nov 13.

Tabiasco J, Devévre E, Rufer N, Salaun B, CeraoltihiSpeiser D, Romero Human effector CD8+ T
lymphocytes express TLR3 as a functional coreceptod Immunol. 2006 Dec 15;177(12):8708-13.

Takeda K, Kaisho T, Akira SToll-like receptors. Annu Rev Immunol. 2003;21:335-76. Epub 2001 Dec
19.

Takeuchi O, Kawai T, Mdihlradt PF, Morr M, Radolf J@Zychlinsky A, Takeda K, Akira S.
Discrimination of bacterial lipoproteins by Toll-li ke receptor 6.Int Immunol. 2001 Jul;13(7):933-40.

Takeuchi O, Sato S, Horiuchi T, Hoshino K, Takeddéng Z, Modlin RL, Akira SCutting edge: role
of Toll-like receptor 1 in mediating immune respons to microbial lipoproteins. J Immunol. 2002 Jul
1;169(1):10-4.

Taube JM, Anders RA, Young GD, Xu H, Sharma R, M&ViTL, Chen S, Klein AP, Pardoll DM,
Topalian SL, Chen LColocalization of inflammatory response with B7-hlexpression in human
melanocytic lesions supports an adaptive resistancaechanism of immune escapéesci Transl Med.
2012 Mar 28;4(127):127ra37. doi: 10.1126/scitrarsirB003689.

Terawaki S, Chikuma S, Shibayama S, Hayashi T, Masfi, Okazaki T, Honjo TIFN-a directly
promotes programmed cell death-1 transcription andlimits the duration of T cell-mediated
immunity. J Immunol. 2011 Mar 1;186(5):2772-9. doi: 10.40é@&Munol.1003208. Epub 2011 Jan 24.

Terme M, Ullrich E, Aymeric L, Meinhardt K, Desbold, Delahaye N, Viaud S, Ryffel B, Yagita H,
Kaplanski G, Prévost-Blondel A, Kato M, Schultze Jartour E, Kroemer G, Chaput N, ZitvogellL-

18 induces PD-1-dependent immunosuppression in carc Cancer Res. 2011 Aug 15;71(16):5393-9.
doi: 10.1158/0008-5472.CAN-11-0993. Epub 2011 Jul 1

Thompson JA, T. Kuzel, R. Bukowski, F. Masciari,SthmalbachPhase Ib trial of a targeted TLR9
CpG immunomodulator (CPG 7909) in advanced renal decarcinoma (RCC). J. Clin. Oncaol. vol. 22
No014S (July 15 supplement) 2004:4644

Thompson RH, Gillett MD, Cheville JC, Lohse CM, @pi, Webster WS, Krejci KG, Lobo JR,
Sengupta S, Chen L, Zincke H, Blute ML, Strome Bé&bovich BC, Kwon ED.Costimulatory B7-H1
in renal cell carcinoma patients: Indicator of tuma aggressiveness and potential therapeutic target.
Proc Natl Acad Sci U S A. 2004 Dec 7;101(49):1797%&pub 2004 Nov 29.

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN,tBIC, McDermott DF, Powderly JD, Carvajal RD,
Sosman JA, Atkins MB, Leming PD, Spigel DR, Antosd, Horn L, Drake CG, Pardoll DM, Chen L,
Sharfman WH, Anders RA, Taube JM, McMiller TL, Xu Korman AJ, Jure-Kunkel M, Agrawal S,
McDonald D, Kollia GD, Gupta A, Wigginton JM, Szndl. Safety, activity, and immune correlates of
anti-PD-1 antibody in cancer. N Engl J Med. 2012 Jun 28;366(26):2443-54. doi:
10.1056/NEJM0a1200690. Epub 2012 Jun 2.

82



Topalian SL, Sznol M, McDermott DF, Kluger HM, Cajal RD, Sharfman WH, Brahmer JR, Lawrence
DP, Atkins MB, Powderly JD, Leming PD, Lipson EdizBnov |, Smith DC, Taube JM, Wigginton JM,
Kollia GD, Gupta A, Pardoll DM, Sosman JA, Hodi FRurvival, durable tumor remission, and long-
term safety in patients with advanced melanoma reoang nivolumab. J Clin Oncol. 2014 Apr
1;32(10):1020-30. doi: 10.1200/JC0O.2013.53.010%bE2014 Mar 3.

Torres J, Pulido RThe tumor suppressor PTEN is phosphorylated by therotein kinase CK2 at its
C terminus. Implications for PTEN stability to proteasome-mediated degradationl Biol Chem. 2001
Jan 12;276(2):993-8.

Totsuka T, Kanai T, Makita S, Fujii R, Nemoto Y, lima S, Okamoto R, Koyanagi A, Akiba H,
Okumura K, Yagita H, Watanabe MRegulation of murine chronic colitis by CD4+CD25-
programmed death-1+ T cellsEur J Immunol. 2005 Jun;35(6):1773-85.

Urbani S, Amadei B, Tola D, Massari M, Schivazagpiissale G, Ferrari (D-1 expression in acute
hepatitis C virus (HCV) infection is associated wh HCV-specific CD8 exhaustion.J Virol. 2006
Nov;80(22):11398-403. Epub 2006 Sep 6.

Van Rooijen N, Sanders A.iposome mediated depletion of macrophages: mecham of action,
preparation of liposomes and applicationsJ Immunol Methods. 1994 Sep 14;174(1-2):83-93.

Vazquez F, Ramaswamy S, Nakamura N, Sellers RiRsphorylation of the PTEN tail regulates
protein stability and function. Mol Cell Biol. 2000 Jul;20(14):5010-8.

Velu V, Titanji K, Zhu B, Husain S, Pladevega A,illa Vanderford TH, Chennareddi L, Silvestri G,
Freeman GJ, Ahmed R, Amara RRnhancing SIV-specific immunity in vivo by PD-1 bbckade.
Nature. 2009 Mar 12;458(7235):206-10. doi: 10.108RIre07662. Epub 2008 Dec 10.

Vollmer J, Weeratna R, Payette P, Jurk M, Schéltekaucht M, Wader T, Tluk S, Liu M, Davis HL,
Krieg AM. Characterization of three CpG oligodeoxynucleotide classes with distinct
immunostimulatory activities. Eur J Immunol. 2004 Jan;34(1):251-62.

Wang C, Sun W, Wright G, Wang AZ, Gu hflammation-Triggered Cancer Immunotherapy by
Programmed Delivery of CpG and Anti-PD1 Antibody. Adv Mater. 2016 Oct;28(40):8912-8920. doi:
10.1002/adma.201506312. Epub 2016 Aug 25.

Wang S, Campos J, Gallotta M, Gong M, Crain C, NajkCoffman RL, Guiducci Clntratumoral
injection of a CpG oligonucleotide reverts resistace to PD-1 blockade by expanding multifunctional
CD8+ T cells.Proc Natl Acad Sci U S A. 2016 Nov 15;113(46):E0-E¥249. Epub 2016 Oct 31.

Weber JS, D'Angelo SP, Minor D, Hodi FS, GutzmeNRyns B, Hoeller C, Khushalani NI, Miller WH
Jr, Lao CD, Linette GP, Thomas L, Lorigan P, GramsmKF, Hassel JC, Maio M, Sznol M, Ascierto PA,
Mohr P, Chmielowski B, Bryce A, Svane IM, Grob Bdackhardt AM, Horak C, Lambert A, Yang AS,
Larkin J. Nivolumab versus chemotherapy in patients with advaced melanoma who progressed
after anti-CTLA-4 treatment (CheckMate 037): a randomised, controlled, open-label, phase 3 trial.
Lancet Oncol. 2015 Apr;16(4):375-84. doi: 10.10116YB0-2045(15)70076-8. Epub 2015 Mar 18.

Weischenfeldt J, Porse Bone Marrow-Derived Macrophages (BMM): Isolation and Applications.
CSH Protoc. 2008 Dec 1;2008:pdb.prot5080. doi: 1M ipdb.prot5080.

Weiss L, Huemer F, Mlineritsch B, Greil Rnmune checkpoint blockade in ovarian cancerMemo.
2016;9:82-84. Epub 2016 Jun 2.

Wherry EJ.T cell exhaustion.Nat Immunol. 2011 Jun;12(6):492-9.

83



Workman P, Aboagye EO, Balkwill F, Balmain A, Brud&, Chaplin DJ, Double JA, Everitt J,
Farningham DA, Glennie MJ, Kelland LR, RobinsonStratford IJ, Tozer GM, Watson S, Wedge SR,
Eccles SA; Committee of the National Cancer Re$ebunstitute.Guidelines for the welfare and use of
animals in cancer researchBr J Cancer. 2010 May 25;102(11):1555-77. doi1@88/sj.bjc.6605642.

Xiao Y, Yu S, Zhu B, Bedoret D, Bu X, Francisco LMya P, Duke-Cohan JS, Umetsu DT, Sharpe AH,
DeKruyff RH, Freeman GRGMb is a novel binding partner for PD-L2 and itsengagement with PD-

L2 promotes respiratory tolerance.J Exp Med. 2014 May 5;211(5):943-59. doi: 10.1{#3%/20130790.
Epub 2014 Apr 21.

Yamamoto M, Takeda KCurrent views of toll-like receptor signaling pathways. Gastroenterol Res
Pract. 2010;2010:240365. doi: 10.1155/2010/240B6bb 2010 Dec 14.

Yamazaki T, Akiba H, Iwai H, Matsuda H, Aoki M, Tiam Y, Shin T, Tsuchiya H, Pardoll DM, Okumura
K, Azuma M, Yagita H.Expression of programmed death 1 ligands by murind cells and APC.J
Immunol. 2002 Nov 15;169(10):5538-45.

Yang H, Young DW, Gusovsky F, Chow JCellular events mediated by lipopolysaccharide-
stimulated toll-like receptor 4. MD-2 is required for activation of mitogen-activated protein kinases
and Elk-1. J Biol Chem. 2000 Jul 7;275(27):20861-6.

Yao S, Wang S, Zhu Y, Luo L, Zhu G, Flies S, XuRiff W, Broadwater M, Choi IH, Tamada K, Chen
L. PD-1 on dendritic cells impedes innate immunity agnst bacterial infection. Blood. 2009 Jun
4;113(23):5811-8. doi: 10.1182/blood-2009-02-203Edub 2009 Apr 1.

Yi AK, Yoon JG, Yeo SJ, Hong SC, English BK, Kriédl. Role of mitogen-activated protein kinases
in CpG DNA-mediated IL-10 and IL-12 production: certral role of extracellular signal-regulated
kinase in the negative feedback loop of the CpG DN#ediated Th1l responseJ Immunol. 2002 May
1;168(9):4711-20.

Youngblood B, Oestreich KJ, Ha SJ, Duraiswamy Jorly RS, West EE, Wei Z, Lu P, Austin JW,
Riley JL, Boss JM, Ahmed RChronic virus infection enforces demethylation ofthe locus that
encodes PD-1 in antigen-specific CD8(+) T celldmmunity. 2011 Sep 23;35(3):400-12. doi:
10.1016/j.immuni.2011.06.015.

Zhang X, Schwartz JC, Guo X, Bhatia S, Cao E, Lofdn Cammer M, Chen L, Zhang ZY, Edidin MA,
Nathenson SG, Almo SCsStructural and functional analysis of the costimuhtory receptor
programmed death-1.Immunity. 2004 Mar;20(3):337-47.

Zhong X, Tumang JR, Gao W, Bai C, Rothstein HD-L2 expression extends beyond dendritic
cells/macrophages to B1 cells enriched for V(H)11{¥1)12 and phosphatidylcholine binding.Eur J
Immunol. 2007 Sep;37(9):2405-10.

84



