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Abstract 4-1BB (CD137, TNFRSF9) is a costimulatory
receptor expressed on several subsets of activated immune
cells. Numerous studies of mouse and human T cells
indicate that 4-1BB promotes cellular proliferation, sur-
vival, and cytokine production. 4-1BB agonist mAbs have
demonstrated efficacy in prophylactic and therapeutic set-
tings in both monotherapy and combination therapy tumor
models and have established durable anti-tumor protective
T-cell memory responses. PF-05082566 is a fully human
IgG2 that binds to the extracellular domain of human
4-1BB with high affinity and specificity. In preclinical
studies, this agonist antibody demonstrated its ability to
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activate NF-xB and induce downstream cytokine produc-
tion, promote leukocyte proliferation, and inhibit tumor
growth in a human PBMC xenograft tumor model. The
mechanism of action and robust anti-tumor efficacy of
PF-05082566 support its clinical development for the
treatment of a broad spectrum of human malignancies.
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Introduction

4-1BB (CD137, TNFRSF9), first identified as an inducible
co-stimulatory receptor expressed on activated T cells, is a
membrane-spanning glycoprotein of the tumor necrosis
factor (TNF) receptor superfamily (TNFRSF). Current
understanding of 4-1BB indicates that expression is gen-
erally activation dependent and encompasses a broad sub-
set of immune cells including activated T cells, activated
natural killer (NK) and natural killer T (NKT) cells,
regulatory T cells, dendritic cells (DC) including follicu-
lar DC, stimulated mast cells, differentiating myeloid
cells, monocytes, neutrophils, and eosinophils [1]. 4-1BB
expression has also been demonstrated on tumor vascula-
ture [2, 3] and atherosclerotic endothelium [4]. The ligand
that stimulates 4-1BB (4-1BBL) is expressed on activated
antigen-presenting cells (APCs), myeloid progenitor cells,
and hematopoietic stem cells [1].

4-1BB is undetectable on the surface of naive T cells.
Following in vivo stimulation with antigen or T-cell mit-
ogens, 4-1BB expression peaks at 12-24 h post stimula-
tion, is maintained for an additional 24—48 h, and declines
by 72 h [5]. 4-1BB exists in the cytoplasmic membrane of
activated T cells as both monomers and dimers [6]. Based
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on homology to other members of the TNFRSF, ligand
binding is expected to induce receptor trimerization resulting
in activation [7]. Some members of the TNFRSF can exist in
a soluble form following cleavage of the extracellular
domain from the cell surface. Soluble 4-1BB and soluble
4-1BBL have been detected in the serum of some patients
with autoimmune diseases and cancers [8-10].

Upon 4-1BB activation, TRAF1 and TRAF2, pro-sur-
vival members of the TNFR-associated factor (TRAF)
family are recruited to the 4-1BB cytoplasmic tail resulting
in downstream activation of NF-«kB and the mitogen-acti-
vated protein (MAP) kinase cascade including ERK, JNK,
and p38 MAP kinases. NF-«B activation leads to upregu-
lation of Bfl-1 and Bcl-XL, pro-survival members of the
Bcl-2 family. The pro-apoptotic protein Bim is downreg-
ulated in a TRAFI1- and ERK-dependent manner [11].
Together, these effects contribute to enhanced survival.

Numerous studies of mouse and human T cells indicate
that 4-1BB promotes cellular proliferation, survival, and
cytokine production. 4-1BB agonist mAbs have been
shown to increase co-stimulatory molecule expression and
markedly enhance cytolytic T lymphocyte responses [12].
Agonist 4-1BB mAbs as monotherapy or in combination
with other therapies have provided evidence of anti-tumor
benefit in prophylactic and therapeutic settings [13].
Stimulation of 4-1BB has been shown to result in durable
anti-tumor protective T-cell memory responses [14]. More
recently, 4-1BB agonist mAbs have been shown to increase
expression of the cellular adhesion molecules ICAM-1,
VCAM-1, and E-selectin on tumor vasculature resulting in
increased T-cell migration into tumor lesions [15]. 4-1BB
agonists have been demonstrated to inhibit autoimmune
reactions in a variety of autoimmunity models [16].
However, high doses of 4-1BB agonist mAbs in naive and
tumor-bearing mice have been reported to induce T-cell
infiltration to the liver and elevations of aspartate amino-
transferase (AST) and alanine aminotransferase (ALT)
consistent with liver inflammation [17, 18]. Initial clinical
studies into the human therapeutic use of 4-1BB agonist
mAbs have also demonstrated elevation of liver enzymes
and increased incidence of hepatitis [19, 20]. Therefore,
while 4-1BB agonist mAbs hold promise for clinical use,
care must be taken to assess alterations in immune system
and organ function to achieve dosing regimens that maxi-
mize therapeutic potential while minimizing risks for
toxicity.

The present study describes the identification and
characterization of PF-05082566, a potent mAb that
selectively agonizes human 4-1BB. PF-05082566 potently
activates NF-xB resulting in increased proliferation and
cytokine production of human T cells. Anti-tumor efficacy
of PF-05082566 was demonstrated in huPBL-SCID
xenograft models. PF-05082566 is currently in clinical
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development for the treatment of advanced solid tumors
and B-cell malignancies.

Materials and methods
Animals

All animal experiments were carried out in strict compli-
ance with Institutional Animal Care and Use Committee
(IACUC) guidelines and in accordance with the “Guide for
the Care and Use of Laboratory Animals” (1996) by the
Institute of Laboratory Animals Research Commission on
Life Sciences (ILARCLS, National Research Council,
Washington, DC). All handling and procedures were
documented on an TACUC approved Animal Use Protocol
(AUP). NOD.Cg-Prkdc® T12rg™™/SzJ (NSG) mice
were purchased from The Jackson Laboratory. CB17.Cg-
Prkdc®'® Lyst®®/Crl (SCID-bg) mice were purchased from
Charles River Laboratories. For all studies involving
immune-compromised mice, animals were housed in bar-
rier rooms under pathogen-free conditions. Studies with
non-human primates were performed using cynomolgus
macaques of Mauritian origin obtained through Charles
River Laboratories.

Antibodies

The following antibodies were made at Pfizer: PF-0508
2566 (a fully human IgG2 mAb), negative control mAbs
keyhole limpet hemocyanin (KLH)-IgG2 and MOR3207-
1gG2 (a fully human IgG2 mAb generated with Fab region
specific for lysozyme).

Generation of fully human anti-4-1BB antibodies

PF-05082566 was derived from a Fab which was selected
from the MorphoSys AG HuCAL GOLD phage display
library on the basis of binding to 4-1BB during two alter-
nating rounds of panning on human 4-1BB-expressing
293T cells and recombinant human 4-1BB-IgG1Fc fusion
protein followed by affinity maturation using MorphoSys
AG RapMAT technology. One non-germline framework
mutation in the heavy chain and six non-germline frame-
work mutations in the light chain were reverted to germline
sequence. Expression and purification techniques may be
found in Supplementary Methods.

4-1BB binding assays and affinity determination
Antibody binding and affinity for 4-1BB extracellular

domain (ECD) were measured by fluorescence-activated
cell sorting (FACS), enzyme-linked immunosorbent assay
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(ELISA), and surface plasmon resonance (SPR) biosensor
assay. Assessment of interference between 4-1BB and
4-1BBL was measured using ELISA. Details of techniques
may be found in Supplementary Methods.

Cells

300.19 and 293T cells were maintained in DMEM High
Glucose 1x (GIBCO-Invitrogen) containing 10% fetal
bovine serum, 1 x Glutamax (GIBCO-Invitrogen), 1 x MEM
nonessential amino acids, 50 U/ml penicillin, 50 pg/ml
streptomycin, and 55 uM 2-mercaptoethanol. Cells were
transduced with pCL-10A1 (Imgenex) pseudotyped
pMSCV_puro (Clontech) retrovirus and selected with
puromycin selection to generate human 4-1BB-, cyno
4-1BB-, dog 4-1BB-, human OX-40-, and human CD40-
expressing cell pools.

PBMC isolation

Human whole blood was collected from healthy volunteer
donors and PBMC isolated using Accuspin tubes (Sigma)
following manufacturer recommendation. Whole blood
from cynomolgus (cyno) monkey was collected in CPT
vacutainer tubes (BD Bioscience) and PBMC isolated fol-
lowing manufacturer recommendations. Whole blood from
rat or dog was collected in heparinized vacutainer tubes.
PBMCs were isolated using Lympholyte-Mammal (Cedar-
lane Laboratories) following manufacturer instructions.

In vitro NF-kB activation assay

293T cells stably transduced with lentivirus to introduce an
NF-xB-luciferase reporter construct were transduced with
human 4-1BB retrovirus. 293T cells stably transduced to
express cyno 4-1BB were transiently transfected with an NF-
kB-luciferase reporter plasmid along with a renilla lucifer-
ase-expressing control plasmid, pRL-CMV (Promega). For
all samples, cells were harvested and stimulated for 5 h with
varied concentrations of PF-05082566 or human IgG2 con-
trol antibody using 2.5x concentration of goat anti-human
IgG-Fc F(ab’)2 (Thermo Scientific) to cross-link the human
antibody. Luciferase activity was evaluated with Bright Glo
luciferase assay or Dual Glo luciferase (Promega) assay for
human 4-1BB and cyno 4-1BB assays, respectively.

In vitro human T-cell IL-2 release assay

Human T cells were isolated via negative selection from
freshly isolated PBMC using T-cell purification columns
(R&D Systems) following manufacturer protocol. One
hundred thousand T cells/well were stimulated with 10 pg/
ml anti-CD3 clone UCHT-1 (Biolegend) in the presence of

varying concentrations of PF-05082566 or control human
IgG2 in RPMI (GIBCO-Invitrogen) containing 10% FBS,
1x MEM nonessential amino acids, HEPES, 50 U/ml
penicillin, and 50 pg/ml streptomycin. Human IL-2 pro-
duction was assayed via ELISA (R&D Systems) of culture
supernatant at 72 h post stimulation.

In vitro antigen-specific T-cell expansion assay

Primary human PBMCs were collected from human leu-
kocyte antigen (HLA)-A2+ donors that had received an
influenza vaccine within the past year but not less than
60 days prior to collection. PBMCs were cultured at five
hundred thousand cells/well in a 24-well plate for § days in
the presence of a peptide corresponding to influenza matrix
peptide 58-66 (GILGFVFTL) (Prolmmune) and the indi-
cated concentration of PF-05082566 or a human IgG2
control antibody. Cells were harvested and stained
with antibodies to CD3, CDS8, and a pentameric major
histocompatibility complex (MHC) HLA-A2-GILGFVFTL
peptide reagent (Prolmmune) and assessed via FACS.

In vitro phospho-NF-xB assay

Purified human or cynomolgus monkey T cells (2 million/
well) were seeded onto 24-well plates coated with 2 pg/ml
anti-CD3 clone UCHT1 or clone SP34 (BD Pharmingen),
respectively, and cultured for 48 h. Activated cells were
harvested and re-stimulated for 10 min on 24-well plates
coated with 2 pg/ml of anti-CD3 alone or with the addition
of PF-05082566 that had previously been cross-linked via
the addition of goat anti-human IgG-Fc F(ab’)2. Cells were
fixed and permeabilized prior to staining with anti-human
4-1BB and anti-phospho-NF-xB p65 antibodies and ana-
lyzed via FACS.

huPBL-NSG in vivo lymphocyte expansion model

Ten million freshly isolated human PBMCs were adop-
tively transferred via intraperitoneal injection into NSG
host mice. Nine days post PBMC injections, animals were
administered a single dose of the indicated concentration of
PF-05082566 or isotype control antibody via intraperito-
neal injection. Upon study termination (day 28 post PBMC
engraftment, day 19 post antibody injection) PBMCs were
stained with antibodies to human and mouse CD45 and
Ki-67 and assessed via FACS.

Evaluation of proliferation in cynomolgus monkey
Cynomolgus monkeys were given intravenous injections of

PF-05082566 at the indicated dose. Blood was collected
into tubes containing K,EDTA prior to the antibody dose
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(pre-dose) and on the indicated study days relative to
administration of PF-05082566 (given on Study Day 1).
Peripheral blood cells were stained with antibodies against
CD3, CD4, CD8, CD16, CD28, CD95, followed by intra-
cellular staining for Ki-67, and then erythrocytes were lysed
using FACSLyse solution (Becton—Dickinson). Cells were
analyzed using a Canto II flow cytometer (Becton—Dickin-
son) with DIV A software version 6.1.1 (Becton—-Dickinson).
CD8+ central memory T cells were identified as CD3+,
CD8+, CD28+, and CD95+; CD8+ effector memory T
cells were identified as CD3+, CD8+, CD28—, and CD95+;
and NK cells were identified as CD3—CD8+CD16+. Pro-
liferating cells were identified as Ki-67+.

huPBL-SCID-Bg in vivo anti-tumor efficacy model

PC3, LoVo, and WM-266 tumor cell lines were obtained
from ATCC and cultured according to guidelines provided.
One and a half million freshly isolated PBMCs were mixed
with three million tumor cells and implanted on the flank of
SCID-bg mice. Animals were randomized based on tumor
size on Day 7 post implantation and given a single dose of
the indicated concentrations of PF-05082566 or vehicle
control. Tumors were measured two to three times per
week until study termination. Tumor Volume is calculated

(length x (width x width) x 0.5) = volume in mm>.

Results
4-1BB-binding affinity and selectivity of PF-05082566

PF-05082566 showed reversible binding to recombinant
human 4-1BB by SPR analysis. The observed equilibrium
dissociation constant (Kp) for 4-1BB ECD was 8.7 &+
1.0 nM. In similar studies using isolated Fab from PF-
05082566, a Kp of 69 & 3 nM was observed. Binding of
PF-05082566 to recombinant human 4-1BB ECD was also
determined via ELISA binding assay, with an observed
ECsg of 0.124 + 0.041 nM. PF-05082566 bound compet-
itively with recombinant human 4-1BB ligand (4-1BBL) to
recombinant human 4-1BB, with an observed ICs, of
0.20 £ 0.003 nM. Binding of PF-05082566 to cell mem-
brane bound 4-1BB was measured using flow cytometry
(FACS) with a mouse pre-B-cell line (300.19) retrovirally
transduced to express human 4-1BB or with phytohemag-
glutinin (PHA)-stimulated primary human PBMC (Fig. 1a,
c). The mean ECsy of binding to transduced cells was
determined to be 1.8 nM, whereas the mean ECs, of
binding to activated PBMC was 48.9 nM.

Human 4-1BB shares approximately 50% amino acid
identity with rodent 4-1BB, whereas, cynomolgus monkey
4-1BB is highly homologous to that of human 4-1BB with
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95% identity in amino acid sequence [21]. By SPR, the
observed K, for the PF-05082566 Fab binding to recom-
binant cyno 4-1BB was 96 £ 1 nM. Solution binding
studies by isothermal titration calorimetry (ITC) confirmed
an expected binding stoichiometry of 2:1 (2 X 4-1BB per
PF-05082566). By ELISA an ECsy of 0.198 £ 0.027 nM
for binding of PF-05082566 to recombinant cyno 4-1BB
was observed. Binding of PF-05082566 to cyno 4-1BB was
also measured with retrovirally transduced 300.19 cells and
PHA-stimulated PBMC. The mean ECs, for binding to
transduced cells was 4.2 nM compared with 149 £+ 68 nM
for activated cyno PBMC (Fig. 1b, d). No binding to dog or
rat 4-1BB was detected by FACS analysis of PHA-stimu-
lated PBMC at concentrations of PF-05082566 up to
100 nM. Further, PF-05082566 did not bind to 300.19 cells
transduced to express dog 4-1BB at concentrations up to
1,000 nM. In conclusion, PF-05082566 only recognizes
human and cyno 4-1BB and is not selective for dog or rat
4-1BB. Kinetic studies directly comparing the binding of
the PF-05082566 Fab to human and cyno 4-1BB indicated
less than a 1.5-fold higher K, for human compared with
cyno 4-1BB. By ELISA and FACS analysis, an average
decrease in affinity of 2.6-fold for cyno compared with
human 4-1BB was observed.

The selectivity of PF-05082566 parent mAb for 4-1BB
was assessed against other members of the TNFR super-
family via FACS. 300.19 cells transduced to express the
ECD or full-length protein of related receptors, CD40
(TNFRSF5) and OX-40 (CD134, TNFRSF4), were stained.
No significant binding was observed at concentrations up to
1000 nM to these receptors, demonstrating >100-fold
selective binding for 4-1BB versus related family members
(data not shown).

PF-05082566 enhances NF-kB signaling in vitro

The functional activity of PF-05082566 was demonstrated
on both 4-1BB transduced cells and on primary T cells. In
these assays, PF-05082566 demonstrated agonist activ-
ity when added to cells in the presence of a F(ab’)2 goat
anti-human IgG secondary agent (cross-linked), or when
immobilized via binding to tissue culture plastic (plate-
bound).

PF-05082566 was assessed for agonist activity using
293T cells transduced with full length human or cynomol-
gus 4-1BB and an NF-xB luciferase reporter. In this assay,
PF-05082566 enhanced NF-kB signaling through human
4-1BB with a mean EC50 of 0.15 £ 0.04 nM, and cyno
4-1BB with a mean EC50 of 0.4 + 0.04 nM. Representative
concentration—response curves for the induction of lucif-
erase by PF-05082566 are shown in Fig. 2a, b. Similarly,
cross-linked PF-05082566 rapidly induced NF-xB phos-
phorylation upon re-stimulation of CD3-stimulated primary



Cancer Immunol Immunother (2012) 61:1721-1733

1725

-
o

7 hu4-1BB 300-19

o]
A

Fold Increase [Geo MFI] 3,
D
A

4
2
0 T T L] T L]
-6 -4 -2 0 2 4

Log nM Ab

C 5-

E‘ huPBMC

o 47

8

= 3

®

w

©

o 2-

o

£

o 14

°

I
0 L) ¥ L) L) L]
-6 -4 -2 0 2 4

Log [nM Ab]

Fig. 1 Saturation binding of PF-05082566 to human and cynomolgus
monkey 4-1BB. Dose-dependent binding of AlexaFluor647-labeled
PF-05082566 to a 300-19 cells transduced to express human 4-1BB,
b 300-19 cells transduced to express cynomolgus monkey 4-1BB,
¢ 72-h PHA-stimulated primary human PBMC, and d 72-h PHA-
stimulated primary cynomolgus monkey PBMC. The data are
expressed as fold increase in geometric mean fluorescence intensity
(Geo MF]I) of cells stained with PF-05082566 relative to cells stained

human and cynomolgus T cells (Fig. 2c, d) as measured by
intracellular staining of phospho-NF-xB p65. Changes in
NF-kB phosphorylation were statistically significant in
some but not all donors tested.

PF-05082566 induces human T cell cytokine release
and proliferation in vitro

PF-05082566 also enhances anti-CD3-mediated interleukin
2 (IL-2) production by isolated human primary T cells.
Although the signal to noise ratio was low in some
assays due to the induction of IL-2 by anti-CD3 alone, PF-
05082566 enhanced IL-2 production when anti-CD3 and
PF-05082566 were simultaneously bound in the assay well.
No activity was observed for PF-05082566 on freshly
isolated T cells in the absence of anti-CD3 (data not
shown). The magnitude of IL-2 augmentation by PF-
05082566 ranged from 2- to 20-fold versus anti-CD3 plus
IgG2 isotype control depending on the donor and the
amount of IL-2 generated by anti-CD3 plus control
antibody. The average ECs( calculated from experiments
using an 8-point concentration response curve was
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with the corresponding concentration of human IgG2 isotype control
as measured by FACS. a, b display data from representative
experiments with samples stained in duplicate. Error bars represent
SEM. ¢, d represent data of binding to 72-h PHA-stimulated CD3-
positive primary PBMC. Each line represents the staining result of
cells isolated from individual donors. Representative examples of
flow cytometry data are demonstrated in Supplementary Figure 1 for
300-19 cells and Supplementary Figure 2 for PBMC

22.6 = 7.63 nM (Fig. 3a). IL-2 production in response to
anti-CD3 stimulation has resulted in less IL-2 being pro-
duced at higher concentrations of PF-05082566. The rea-
son for this bell-shaped curve is unclear but could be due to
inefficient anti-CD3-mediated activation due binding hin-
drance resulting from the large amount of PF-05082566
present on the plate surface. Alternatively, it could poten-
tially relate to utilization of IL-2 in culture by CD3-acti-
vated cells.

PF-05082566 was also shown to enhance antigen-spe-
cific T-cell proliferation. PBMCs derived from HLA-A2+
donors previously vaccinated for influenza were cultured
with a peptide from the influenza M protein. Following
culture, samples that included PF-05082566 had an
increased percentage of antigen-specific CD8+ T cells as
revealed by peptide-specific MHC pentamer staining when
compared with samples that had been treated with a control
antibody. The magnitude of increased antigen-specific T
cells induced by PF-05082566 ranged from two- to eight-
fold versus peptide plus IgG2 isotype control depending on
the donor and the amount of antigen-specific T cells gen-
erated by peptide plus control antibody (Fig. 3b).
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Fig. 2 PF-05082566 induces NF-xB pathway activation through both
human and cynomolgus monkey 4-1BB. Dose-dependent activation
of an NF-«xB luciferase reporter in a 293T-cells-expressing human
4-1BB or b 293T-cells-expressing cynomolgus monkey 4-1BB. The
data are representative of three separate experiments and shows fold
increase in luciferase activity over unstimulated control cells by goat
anti-hulgG Fc-specific F(ab’)2 cross-linking antibody plus PF-
05082566 (black circles) or cross-linked human IgG2 isotype control
(black triangles). Additionally, PF-05082566 treatment induces
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Fig. 3 PF-05082566 enhances IL-2 production by primary human T
cells and expansion of antigen-specific CD8+ T cells in vitro. a Dose-
dependent enhancement of IL-2 production as measured by ELISA
from purified T cells stimulated with plate bound CD3 plus increasing
concentrations of plate bound PF-05082566. Each line represents
stimulation of purified T cells from one of seven individual donors
tested in duplicate. b PBMC isolated from four separate HLA-A2+
donors whom had received an influenza vaccine within the prior

@ Springer

—e— PF-05082566
4 human IgG2

Fold Stimulation
N
1

2_
A A
0 T T T T 1
3 2 -1 0 1 2
Log [nM Ab]

D Donor 1 Donor 2

10 - * *
& |- T
B 4. I
-
3 1
@
2 61
™
=2
Q 4
IS
§ N -
) |iL|
m

0 T T T T

Q 0?3 69 Q o o

PF-05082566 [j.g/ml]

phospho-NF-kB p65 in anti-CD3-stimulated primary ¢ human and
d cynomolgus monkey CD3+ cells. The graphs demonstrate
percentage of phospho-NF-xB p65+, 4-1BB+4 T cells as measured
by FACS. Cells were stimulated with CD3 alone (white bars), CD3
plus cross-linked 0.5 pg/ml PE-05082566 (gray bars), or CD3 plus
cross-linked 5 pg/ml PF-05082566 (black bars). Significance relative
to the control group was determined via two-tailed Student’s ¢ test
(*p < 0.05)

B 101 [ control IgG

+ .| EH PF05082566

[0]

5

T 69

[0]

o

b 41

3

) 2-lll |l| ﬂ rl

0 T T

% N N
S 0 S
S RS Q S

Antibody [ug/ml]

season were stimulated in vitro with influenza matrix peptide (58-66,
GILGFVFTL) for 8 days in the presence of either hulgG2 control
antibody (white bars) or PF-05082566 (black bars). The data are
represented as the percent viable CD8+, MHC HLA-A2-GIL-
GFVFTL pentamer+ cells as measured by FACS. Significance was
determined via 2-way ANOVA comparison with the control IgG2-
treated group (**p < 0.01, *p < 0.05). Results are representative of
two separate experiments using four different donors



Cancer Immunol Immunother (2012) 61:1721-1733

1727

In vitro studies using primary lymphocytes derived from
healthy human and cynomolgus donors showed a large
variation of response in both proximal signaling events and
effector function. This likely represents the response range
from a genetically and environmentally heterogeneous
populations.

PF-05082566 induces human lymphocyte proliferation
in vivo

The lack of PF-05082566 cross-reactivity with murine
4-1BB required the development of novel small animal
models for the in vivo functional assessment of PF-
05082566. Mice with the NOD genetic background carrying
the severe combined immunodeficient (SCID) mutation and

deficiency in the IL-2 receptor common gamma chain
(commonly termed NSG) are able to support the engraftment
of large numbers of human peripheral blood leukocytes
(huPBL). Following engraftment, T cells rapidly acquire an
activated phenotype and can maintain engraftment for
30 days before the onset of graft versus host disease [22].
This huPBL-NSG model represents a small animal model in
which to assess the functional effect of in vivo systemic
administration of PF-05082566 on human immune cells.
PF-05082566 was able to enhance expansion of human
leukocytes in a dose-dependent manner as evidenced by an
increase in the proportion of human CD45+ cells in the
peripheral blood of engrafted mice. Similarly, there was a
dose-dependent increase in the proportion of human leuko-
cytes expressing the proliferation marker Ki-67 (Fig. 4).
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Fig. 4 PF-05082566 induces expansion of human CD45+ PBMC in
vivo. Engraftment of human PBMC adoptively transferred via
intraperitoneal injection to NSG host mice was analyzed by FACS
for human CD45 and Ki-67 staining 28 days following injection. On
day 7 following PBMC injection, mice were treated with a single
injection of human IgG2 isotype control or the indicated concentra-
tion of PF-05082566. a Mean percentage of human CD45+
lymphocytes assessed at several time points over the course of the

study b percentage of human CD45+ lymphocytes at Study Day 28,
21 days following mAb injection and ¢ percentage of human CD45+
Ki-67+ present in the whole blood samples of each treatment group at
Study Day 28, 21 days following mAb injection. Data are represen-
tative of n = 7 mice per group and significance relative to the control
group on the final day of the study was determined via two-tailed
Student’s 7 test (*p < 0.05, **p < 0.005)
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PF-05082566 induces cynomolgus monkey lymphocyte
proliferation in vivo

To assess proliferation among memory T cells, blood
samples were isolated from cynomolgus monkeys at sev-
eral time points following single or multiple intravenous
doses of PF-05082566. Using flow cytometry, memory
subsets of CD4 T cells and CD8 T cells were identified
using CD95 and CD28 as markers of central memory
(CD95+ CD28+) and effector memory (CD95+ CD28—)
subsets in macaques [23]. Ki-67 was analyzed as a prolif-
eration marker.

In a multiple dose study, which assessed weekly doses
of PF-05082566 at 0.3, 5, and 100 mg/kg, there were large
increases on study day 13 in the numbers of proliferating
peripheral blood CD8+ central memory T cells (CD8+
Tewm) in individual animals in all dose groups, and the 5
and 100 mg/kg groups were significantly increased relative
to the vehicle control group (Fig. 5a, b). Parallel increases
were observed in the numbers of total CD8+ Tcy in
individuals of all groups except females at the 0.3 mg/kg
dose level. Similar trends were observed with CD8+
effector memory T cells (CD8+ Tgyp) on study day 13, but
the effects were generally of lower magnitudes/frequencies
than those on CD8+ T¢y, and increases in Ki-674+ CD8+
Tgwm in treated groups were statistically significant only at
5 mg/kg (Fig. 5b). Numbers of all proliferating CDS8
memory T-cell subsets returned to baseline by study day
43. Among CD4 T cells, little or no increases were
observed in Ki-67+4 cells in central or effector memory
subsets (data not shown). Proliferation among other T-cell
subsets or among NK cells was not examined in the mul-
tiple dose study. It should be noted that the presence of
anti-drug antibodies was detected beginning at approxi-
mately 14 days following the first dose of PF-05082566
(data not shown). In the multiple dose study, PF-05082566
exposure was decreased to undetectable levels at admin-
istrations given on day 36 or greater.

PF-05082566 doses of 0.001, 0.005, 0.05, 0.3, 1 and
10 mg/kg were tested as a single dose over a 28 day period.
Within CD8+ Tcym a 1.5 fold or greater increase in the
number of proliferating (Ki-67+) cells was observed dur-
ing the first 7 days of the study and was noted in at least
one animal in groups treated with 1 mg/kg or greater
(Fig. 5¢). Increases in proliferating Ki-67+ NK (CD3—
CD8+ CD16+) cells were also noted at 0.005 mg/kg (one
of two animals), 0.05 and 0.3 mg/kg (two of two animals
studied per dose level), but NK cell proliferation was not
evaluated at doses higher than 0.3 mg/kg (data not shown).
The magnitude of the increases in NK cell proliferation
was not dependent on the PF-05082566 dose. The effect of
PF-05082566 on other T-cell subsets or on other functional
endpoints besides proliferation of T cells and NK cells has
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not been tested. Overall, the results from cynomolgus
macaques show that PF-05082566 induces proliferation of
both memory CD8 T cells and NK cells.

Anti-tumor efficacy of PF-05082566

The lack of rodent cross-reactivity of PF-05082566 also
prevented the use of standard murine syngeneic or human
xenograft tumor models for the assessment of anti-tumor
efficacy. Immunodeficient mice have also been demon-
strated to support a limited short-term engraftment of
human peripheral blood leukocytes (huPBL) [24]. Anti-
tumor immune responses have been demonstrated in SCID
mice in which lymphocytes and tumor cells were co-
engrafted [25]. Therefore, we generated a huPBL-SCID-Bg
xenogenic tumor model in which we evaluated the ability
of PF-05082566 to modulate the immune response to
human tumors. Tumor cell lines were mixed with primary
human PBMCs from an allogeneic healthy volunteer donor
prior to injection. None of the tumor lines expressed
4-1BB. Once tumors were established at a size of 50 mm?
(generally 5-8 days post injection) animals were treated
with PF-05082566. An example growth curve demon-
strating the inhibition of tumor growth response to a
prostate carcinoma (PC3) is shown in Fig. 6. Tumor cell
lines representing melanoma and colon tumor types were
also tested in this in vivo model with similar results
(Supplemental Figure 3). In general, tumor growth inhibi-
tion (TGI) ranged from 40 to 60% relative to control.
Efficacy in this model was dependent on the presence of
human PBMCs as mice that received injections of tumor
cells without co-injection of human PBMCs did not have
reduced tumor growth in the presence of PF-05082566
(data not shown).

Discussion

Enhancing anti-tumor immune responses represents a
powerful approach for cancer treatment with the potential
to provide long-term anti-tumor immunity and to decrease
the rate of recurrence. The US Food and Drug Adminis-
tration approvals of sipuleucel-T (Provenge, Dendreon), a
whole cell vaccine for the treatment of advanced prostate
cancer and ipilumimab (Yervoy, Bristol-Myers Squibb), a
CTLA-4 antagonist mAb for the treatment of unresectable
or metastatic melanoma, have demonstrated that modula-
tion of the immune response using a single therapeutic
agent has the potential for significant and long-lasting
clinical efficacy. Low overall response rates and potential
for significant autoimmune toxicities with ipilimumab
suggest that further optimization of clinical treatment
regimens may benefit a broader patient population [26].
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Fig. 5 Intravenous administration of PF-05082566 to cynomolgus
monkeys induces proliferation of CD8+ memory T cells. a, b Multiple
dose administration. Cynomolgus monkeys were injected intravenously
with the indicated doses of PF-05082566 on days 1 and 8 of the study
(n = 10 animals per group). On day 13, blood was collected, and cells
were analyzed by flow cytometry. a The far /eft plot shows the gating
strategy for identifying CD8+ Ty (CD95+ CD28+-) and CD8+ Tgy
(CD95+ CD28—). The remainder of the plots shows representative
staining for Ki-67 versus CD28 for CD8+ Ty (fop row) and CD8+
Tgm (bottom row) at the indicated dose levels. b Multiple dose
administration of the indicated dose levels of PF-05082566 on day 1 and

day 8 demonstrates significant increases in Ki-674+ CD8+ Tcy cells
(graph on left) and Ki-67+4 CD8+ Tgy (graph on right) as measured on
study day 13. ¢ Single dose administration of 0.05 mg/kg (white bars),
1 mg/kg (gray bars), or 10 mg/kg (black bars) PF-05082566 to 2
individual animals per group demonstrates increases in Ki-674 CD8+
Tcwm cells measured by FACS on study days 7 and 23 post dosing. For
both b and ¢, fold changes were calculated relative to baseline pre-study
samples collected prior to the start of dosing. Statistical significance
was calculated using 1-way ANOVA with Dunnett’s Multiple Com-
parison test (*p < 0.05, ***p < 0.001)
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in vivo. a Mean tumor volume at time points following subcutaneous
administration of 3 million PC3 prostate carcinoma cells plus
1.5 million human PBMC in the right flank of SCID Bg mice

Non-clinical data suggest that combinations of immuno-
therapy agents with certain chemotherapeutics, targeted
agents or other immunotherapies have the potential to
increase efficacy while minimizing toxicity; however,
optimal strategies are yet to be established [27].

The National Cancer Institute immunotherapy agent
workshop has identified 4-1BB as an agent with high
immunotherapeutic potential with the possibility for broad
use in multiple regimens [28]. This potential is supported
by a significant body of non-clinical data in which acti-
vation of 4-1BB has resulted in anti-tumor efficacy as
monotherapy or in combination [13, 29, 30]. Further, T
cells modified to express chimeric antigen receptors (CAR)
including CD3{ and 4-1BB signaling domains demon-
strated enhanced proliferation and cytokine release in vitro
and efficacy in preclinical models of hematologic and solid
malignancies [31-34]. Chronic lymphocytic leukemia
(CLL) patients treated with autologous CAR T cells tar-
geting CD19 and containing 4-1BB and CD3{ domains
demonstrated in vivo CAR T-cell expansion and persis-
tence of both effector and central memory phenotypes [35].
Anti-leukemic effects were noted in all three patients
examined, with two of three patients achieving complete
remission [35, 36].

In this study, we describe the identification and charac-
terization of PF-05082566, a 4-1BB-specific agonist human
IgG2 mAb for therapeutic use to enhance the immune
response to tumors. PF-05082566 binds to human and
cynomolgus 4-1BB with high affinity and selectivity at a site
competitive with 4-1BBL. In in vitro studies, binding of PF-
05082566 to primary human and cynomolgus T cells acti-
vates the NF-kB signaling pathway resulting in enhanced
cytokine production.

PF-05082566 induced leukocyte proliferation in a
mouse model with a systemic humanized immune system.
Further, intravenous administration of PF-05082566 to
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(n = 8 animals/group). b The volume of each individual tumor on the
final study day (day 21). Statistical significance was determined using
1-way ANOVA with Tukey’s post-test (*p < 0.05, **p < 0.005).
Data are representative of three independent experiments

cynomolgus monkeys resulted in proliferation of CD8+
memory T cells. These observations are consistent with
murine models of 4-1BB agonism as mice deficient in
4-1BBL had reduced memory responses to viral infections
[37], whereas mice with transgenic expression of 4-1BBL
accumulated memory T cells [38]. Mice stimulated with
4-1BB agonist mAbs showed increased proliferation of
memory T cells in naive mice [38]. In xenograft models of
melanoma, prostate carcinoma and colorectal carcinoma
with a locally humanized immune system, PF-05082566
demonstrated single agent efficacy, suggesting that PF-
05082566 represents a 4-1BB agonist mAb that may deli-
ver meaningful benefit to cancer patients.

Although 4-1BB stimulation has demonstrated signifi-
cant anti-tumor effects, there is the potential for adverse
consequences of therapeutic antibody-mediated immune
system modulation. Mice treated with anti-4-1BB agonist
mAbs demonstrated alterations in hematopoiesis and lym-
phocyte trafficking as well as multifocal, polyclonal CD8
T-cell liver infiltration [17, 18]. Adverse effects following
administration of 4-1BB agonist mAbs were not reported in
several studies in non-human primates [39-41]. However,
in phase I studies of BMS-663513, an anti-human 4-1BB
antibody of human IgG4 isotype, elevation of AST and
ALT was among the most frequent >grade 2 laboratory
abnormalities [19]. A phase II study of BMS-663513 as
second line monotherapy in metastatic melanoma was
terminated in May 2009 due to a high incidence of grade 4
hepatitis [20]. PF-05082566 was well tolerated in monkeys
following single doses of up to 10 mg/kg, and weekly
doses up to 5 mg/kg. Following weekly doses of >5 mg/
kg, dose-limiting toxicities were observed. A detailed
description of the toxicity profile of PF-05082566 in
monkeys is beyond the scope of this report and will
be presented elsewhere (manuscript in preparation). This
highlights the potential value of 4-1BB as an
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immunomodulatory target. However, based on pre-clinical
and early clinical data, it is clear that, as with many anti-
cancer agents, care must be taken to optimize efficacy
while maintaining a tolerable toxicity profile.

In vitro studies of PF-05082566 demonstrated a bell-
shaped response curve for cytokine release. It is possible
that that this is an artifact of in vitro culture system as
evidence of a bell shaped response curve was not noted in
vivo in the huPBL-SCID-Bg xenograft model and in
cynomolgus monkeys at doses up to 10 mg/kg. Multiple
doses of PF-05082566 at 100 mg/kg, were able to induce
significant lymphocyte proliferation in cynomolgus mon-
keys although the magnitude of proliferation was lower
than that noted for doses of 5 mg/kg. The reason for this
relative reduction in lymphocyte proliferation in the
peripheral blood compartment is unclear but may related to
altered lymphocyte trafficking or toxicity noted at the
highest doses in this study.

Cross-linking of PF-05082566 using either anti-human
F(ab’)2 secondary mAbs or immobilization to tissue culture
plastic was required for in vitro activity of PF-05082566
as minimal evidence of activation was noted when PF-
05082566 was added directly to culture media. Recent
studies of rodent agonistic antibodies to CD40 (TNFRSF5)
in murine models have suggested that interactions with
inhibitory Fcy receptors (FcyR) are required for optimal
immunostimulatory and anti-tumor activity of anti-CD40
mAbs and may be an important component of activity for
agonistic mAbs specific for other TNFR family members
[42, 43]. As human IgG2 and IgG4 mAbs have reduced
binding capability to FcyR compared with other IgG
istoypes, this is an important consideration for generating
agents for therapeutic use. However, CP-870,893 a human
IgG2 mAD specific for CD40, was able to activate B-cell
and dendritic cell function in vitro, had anti-tumor activity
in several xenograft models and demonstrated immune
modulation and clinical activity in Phl trials [44-48].
Studies of the non-germlined parental mAb of PF-
05082566 demonstrated similar activity of IgG1, IgG2, and
IgG4 isotype variants in vitro and in vivo during huPBL-
SCID-Bg xenograft studies (Supplemental Figure 3B and
data not shown). The level of anti-tumor activity noted
for these antibodies was similar to that shown for PF-
05082566 in Fig. 6.

The reasons for the apparent differential requirement
for inhibitory FcyR ligation for CD40 agonist mAbs are
unclear. However, possibilities include differences in
requirement for FcyR binding based on the specific epitope
recognized by individual CD40 agonist mAbs, differential
requirement for binding in rodent versus primate species,
or differences in the sensitivity of model systems to detect
the requirement for FcyR binding. It is also possible that
this phenomenon noted for rodent CD40 agonist mAbs may

be specific for mAbs that induce immune activation
through modulation of antigen-presenting cells rather than
those that target T cells more directly.

Here, we have presented similar anti-tumor activity of
isotype variants of 4-1BB agonist mAbs. Further, multiple
human IgG4 4-1BB agonist antibodies demonstrated
enhanced cellular immunity to SIV vaccines [40, 41]. In a
phase I-II study of BMS-663513, biomarker studies indi-
cated biological activity at the lowest dose tested (0.3 mg/
kg) and partial response and sustained stable disease were
reported at several dose levels in patients with locally
advanced or metastatic solid tumors [19]. Taken together,
this suggests either that FcyR binding is not critical for
4-1BB agonist mAbs or that the non-clinical models
available to evaluate therapeutic agents, which are not
cross-reactive with rodent species, are not sufficient to
assess this interaction.

The ability of non-clinical models to accurately predict
clinical efficacy has been identified as a key challenge to the
development of immunomodulators for clinical use [49].
Here, we have employed several in vitro and in vivo models
to assess the activity of PF-05082566. The results from these
models are consistent with the mechanism of action that has
been proposed for 4-1BB agonist mAbs including enhanced
cytokine release and increased lymphocyte proliferation,
particularly of memory T cells, and anti-tumor activity. PF-
05082566 is currently being investigated for the treatment of
advanced solid tumors and B-cell malignancies in phase I
clinical trials (NCT01307267).
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