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ABSTRACT

Upregulation of inhibitory receptors, such as lymphocyte activation gene-3 (LAG-3), may limit the anti-
tumor activity of therapeutic antibodies targeting the programmed cell death protein-1 (PD-1) pathway.
We describe the binding properties of ezabenlimab, an anti-human PD-1 antibody, and Bl 754111, an anti-
human LAG-3 antibody, and assess their activity alone and in combination. Ezabenlimab bound with high
affinity to human PD-1 (Kp = 6 nM) and blocked the interaction of PD-1 with PD-L1 and PD-L2.
Ezabenlimab dose-dependently increased interferon-y secretion in human T cells expressing PD-1 in co-
culture with PD-L1-expressing dendritic cells. Administration of ezabenlimab to human PD-1 knock-in
mice dose-dependently inhibited growth of MC38 tumors. To reduce immunogenicity, ezabenlimab was
reformatted from a human IgG4 to a chimeric variant with a mouse IgG1 backbone (Bl 905725) for
further in vivo studies. Combining Bl 905725 with anti-mouse LAG-3 antibodies improved antitumor
activity versus Bl 905725 monotherapy in the MC38 tumor model. We generated Bl 754111, which
bound with high affinity to human LAG-3 and prevented LAG-3 interaction with its ligand, major
histocompatibility complex class Il. In an in vitro model of antigen-experienced memory T cells expres-
sing PD-1 and LAG-3, interferon-y secretion increased by an average 1.8-fold versus isotype control
(p = 0.027) with Bl 754111 monotherapy, 6.9-fold (p < 0.0001) with ezabenlimab monotherapy and
13.2-fold (p < 0.0001) with Bl 754111 plus ezabenlimab. Overall, ezabenlimab and Bl 754111 bound to
their respective targets with high affinity and prevented ligand binding. Combining ezabenlimab with
Bl 754111 enhanced in vitro activity versus monotherapy, supporting clinical investigation of this
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Introduction

Programmed cell death protein-1 (PD-1) and its ligands, PD-
L1 and PD-L2, are key factors in controlling immune
responses.””> Engagement of PD-1 by its ligands negatively
regulates the T-cell immune response, preventing damage to
healthy tissue. However, tumors can leverage the PD-1 signal-
ing pathway to evade immune-mediated destruction.” Tumor-
infiltrating lymphocytes from patients with cancer often
express high levels of PD-1, while tumor cells and other cells
in the tumor tissue can upregulate PD-L1 expression.*
Blocking the interaction between PD-1 and its ligands activates
T-cell function and promotes tumor cell death.>® Antibodies
targeting PD-1 or PD-L1 have revolutionized the treatment of
a variety of cancer types; however, not all patients respond to
these therapies.” Therefore, current research is focused on
identifying patient selection biomarkers and understanding

resistance mechanisms. Alterations within the interferon-y
(IFN-y) signaling pathway and the antigen presentation
machinery of tumor cells, as well as upregulation of other
inhibitory co-receptors, such as lymphocyte activation
gene-3 (LAG-3), have been identified as potential escape
mechanisms. ">

Chronic antigen exposure leads to a progressive inactivation
of T cells through a process termed “exhaustion”. Exhausted
T cells often co-express negative regulatory receptors such as
PD-1 and LAG-3. Data from patients and syngeneic tumor
mouse models have shown that tumor-derived T cells fre-
quently co-express LAG-3 and PD-1."" LAG-3 is a type
I transmembrane protein, mainly expressed on the cell surface
of activated T cells and on subsets of natural killer and den-
dritic cells (DCs)."® LAG-3 is closely related to CD4, a co-
receptor for T-helper cell activation. Both molecules have
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four extracellular immunoglobulin (Ig)-like domains and
require binding to their shared ligand, major histocompatibil-
ity complex class II (MHC-II), for their functional activity.
Upon binding to MHC-II, LAG-3 induces an intracellular
signal, which negatively regulates T-cell responses.'®
Combined PD-1 and LAG-3 blockade using antagonistic
monoclonal antibodies increased re-activation of T cells
in vitro and improved tumor growth inhibition (TGI) in
mouse models versus PD-1 inhibition alone.'>!”

Here, we characterized the properties and activities of two
humanized antibodies: ezabenlimab, antagonizing human PD-
1 (hPD-1), and BI 754111, antagonizing human LAG-3
(hLAG-3). Ezabenlimab blocked the interaction of PD-1 with
PD-L1 and PD-L2, resulting in increased T-cell activation
in vitro. Ezabenlimab administration led to a dose-dependent
eradication of subcutaneous MC38 tumors in hPD-1 knock-in
mice. Combination of an ezabenlimab variant (on a mouse
backbone to reduce the potential generation of anti-drug anti-
bodies) with a tool anti-mouse LAG-3 antibody showed
enhanced antitumor activity in this model. BI 754111 blocked
the interaction with human MHC-II, leading to increased
cytokine secretion in vitro, which was further increased in
combination with ezabenlimab. The enhanced activity
observed when combining these antibodies suggests that com-
bined PD-1/LAG-3 inhibition may improve responses versus
PD-1 inhibition alone in the clinic.

Materials and methods
Key resources

Anti-PD-1 and anti-LAG-3 antibodies used are summarized in
Supplementary Table 1. Fluorochrome-labeled primary antibo-
dies for flow cytometry were purchased from Biolegend
and BD Biosciences; secondary antibodies from Jackson
ImmunoResearch, Sigma, Dianova and Acris. Chinese
Hamster Ovary (CHO) cell lines expressing human or mouse
PD-1, or human, mouse or cynomolgus LAG-3 were generated
at Boehringer Ingelheim. 3A9 cell lines expressing mouse LAG-3
(mLAG-3)"® or hLAG-3 were received from St. Jude Children’s
Research Hospital. Cell culture was performed at 37°C with 95%
relative humidity and 5% CO,. Flow cytometry acquisition was
performed on Becton Dickinson flow cytometers (LSR-II,
Canto-I, Canto-II) with FACS DIVA 8 software and analyzed
with FACS DIVA 8 or FlowJo (Becton Dickinson). ECsg 99 and
ICyo values were calculated based on flow cytometry median
fluorescent intensity (MFI), except where noted differently,
using a four-parameter variable slope curve fitting (GraphPad
Prism 6.01, GraphPad Software Inc).

Generation of ezabenlimab and Bl 754111

Mice were immunized with the extracellular domain of hPD-1
or hLAG-3 protein. Serum was harvested and screened to
identify animals with sufficient titers of anti-PD-1 or anti-
LAG-3 immunoglobulin. Splenocytes from the selected mice
were harvested and fused with mouse myeloma cells to gen-
erate hybridomas. Selected hybridomas for each of the targets
were isolated and cloned; from these, we identified two murine

hybridoma cell lines: 1) 77E11, which produced mouse mono-
clonal antibodies exhibiting low nM binding affinities to hPD-1
and blocked the binding of PD-L1 to PD-1; 2) 496G6, which
produced mouse monoclonal antibodies exhibiting low nM
binding affinities to hLAG-3 and blocked the binding of MHC-
II to LAG-3.

For humanization, the murine complementary determining
regions (CDRs) were grafted onto the closest matching human
germline genes. Fab libraries with specific mutations were
prepared to assess framework residues and to remove potential
CDR sequence liabilities. The humanized and optimized Fabs
were tested for their ability to retain the binding profile of the
parental murine antibody to hPD-1 or hLAG-3, and block the
interaction of PD-L1/PD-1 or MHC-II/LAG-3, respectively.
Selected humanized variable regions were then formatted
with a human IgG4 (Ser228Pro; to avoid Fab arm exchange)
constant region."” Ezabenlimab and BI 754111 were the pro-
ducts of this process. BI 905725 is a variant of ezabenlimab, but
formatted with a mouse IgGl isotype constant region with
a D265A alteration to reduce Fc-effector function.”

Surface plasmon resonance (SPR) binding studies

SPR was performed using a ProteOn™™ XPR36 (BioRad). After
activating the GLM sensor chip (Biorad) with a 1:1 mixture
EDC/s-NHS (Biorad), Protein A/G (ThermoFisher) was immo-
bilized (60 pg/mL in 10 mM sodium acetate pH 4.5) and the
surface was deactivated with 1 M ethanolamine. Antibodies were
coupled over the surface to result in ~1500 RU capture for
ezabenlimab and ~280 RU capture for BI 754111. Two-fold
dilutions of each analyte were prepared in PBS-T-EDTA
(Biorad): hPD-1 (6.25-100 nM) and hLAG-3 (0.625-10 nM).
Analytes were flowed over the captured antibodies at a flowrate
of 30 pL/min for 600 sec association/1200 sec dissociation for
PD-1 and 300 sec association/1800 sec dissociation for LAG-3.
The sensorgrams were corrected for analyte interactions with the
sensor surface (interspot) and buffer (0 nM analyte). Affinity
values were determined by 1:1 Langmuir using the ProteOn
Manager™ software.

Kp value determination via flow cytometry and Scatchard
analysis

hPD-1-expressing CHO cells were plated in a 96-well round-
bottom plate. Primary antibodies (ezabenlimab, BI 905725
or respective isotype controls) were added in multiple
concentrations, and the plate was incubated for 1 h at 4°C.
Corresponding secondary FITC-labeled antibody was added in
fivefold excess (compared with the highest primary antibody
concentration) without wash, and the plate was incubated for
30 min at 4°C. Cells were washed and analyzed by flow cyto-
metry. For analysis, moles of FITC molecules per well were
calculated based on detected FITC molecules per cell. The
moles of bound antibody per well [B] were calculated by
dividing the resulting value by the fluorescence-to-protein
ratio (F/P ratio) of the secondary antibody. Moles of free anti-
body per well [F] were calculated by subtracting [B] from the
initial concentration of antibody that was added into the well.



In the titration curve, the MFI of the different wells were
plotted against the logarithms of the respective initial antibody
concentrations. Three or more points in the linear range of the
sigmoidal titration curve were chosen. Of these, [B] (x-axis)
versus [B/F] values (y-axis) were plotted as a Scatchard plot.
The slope of a fitted line in the Scatchard plot and its intercept
with the y-axis were calculated with integrated formulas in
Microsoft Excel. Kp was calculated with the following formula:
—1/slope = Kp, (moles/L).

Flow cytometry binding assays

CHO binding assays

Binding properties of ezabenlimab and BI 754111 were deter-
mined using CHO cells expressing human or mouse PD-1, or
human, cynomolgus or mouse LAG-3, respectively. CHO cells
were washed in buffer (PBS + 0.5% BSA + 0.02% NaN3), re-
suspended in buffer and 2 x 10° (for ezabenlimab) or 1.5 x 10°
(for BI 754111) cells per well were plated into a 96-well round
bottom plate. After centrifugation, cell pellets were re-
suspended in serially diluted ezabenlimab or BI 754111 and
incubated on ice for 30 or 45 min, respectively. Cells were
washed with buffer and incubated with 2.5 pg/mL of secondary
antibody for 20 or 30 min, respectively, on ice, protected from
light. After washing, cells were re-suspended in buffer and
analyzed by flow cytometry.

Binding to activated immune cells

To determine binding of ezabenlimab and BI 754111 to activated
immune cells, cryopreserved human or cynomolgus monkey
peripheral blood mononuclear cells (PBMCs), and cryopre-
served or freshly harvested rat spleen cells were used. To activate
PBMCs for PD-1 expression, human or cynomolgus PBMCs
were stimulated with plate-coated anti-human CD3
(eBioscience) or anti-monkey CD3 (Cell Sciences) antibodies,
respectively, and 1 pg/mL soluble anti-human CD28
(eBioscience). Cells were cultured for at least 24 hours. To
activate human or cynomolgus PBMCs, and rat spleen cells for
LAG-3 expression, 1.5-2 mL of 5 x 10° cells/mL were cultured in
24-well plates in T cell medium (RPMI 1640, 10% heat inacti-
vated FBS [Hyclone] and 1x Penicillin/Streptomycin) with
10 ng/mL interleukin-2 (IL-2) and 1 pg/mL PHA-M for 3 d.

For ezabenlimab, stimulated PBMCs were collected,
washed, and 1.8 x 10° cells/well were placed in a 96-well
polypropylene V-bottom plate, to which 1:5 serially diluted
ezabenlimab was added (starting concentration of 200 nM).
Following 15 min incubation at RT, additional cell surface
marker antibodies for population identification were added.
Following 15 min incubation at RT, wells were washed in
buffer, secondary antibody (diluted 1:100) against ezabenlimab
was added, and plates were incubated for 30 min on ice pro-
tected from light. Cells were washed in buffer and fixed for
10 min with 1% formaldehyde in DPBS at RT protected from
light. Binding of tested antibodies to CD4 and CD8 T cells was
recorded as MFI.

For BI 754111, stimulated cells (PBMCs or rat splenocytes)
were collected, washed, and incubated in T cell blocking buffer
(PBS pH7.4 + 0.5% BSA [Invitrogen] + 0.01% NaN3 + 1% goat
serum [DAKO]) at 1 x 10° cells/mL for 15 min on ice. Cells
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were plated in a 96-well plate, serially diluted BI 754111 was
added (starting concentration of 333 or 133 nM), and the plate
was incubated on ice for 30 min. After washing, antibodies
against cell surface markers and 2.5 pg/mL secondary antibody
against BI 754111 were added. Cells were incubated for 15 min
at 4°C protected from light, washed and analyzed by flow
cytometry. Binding of LAG-3 monoclonal antibodies was ana-
lyzed as percent LAG-3-positive cells for CD25-positive CD4
and CD8 T cells.

Characterizing anti-mLAG-3 tool antibodies C9B7W and EX
80658

mLAG-3-expressing 3A9 cells (mouse CD4-positive T cell line)
were washed in buffer. 1.5 x 10 cells/well were plated in a 96-
well plate, and cells were resuspended in a serial dilution of
antibodies. After incubation, cells were washed and respective
secondary antibodies added at 2.5 pg/mL. Following incuba-
tion, cells were washed and analyzed by flow cytometry.

Determination of ligand blocking properties

Ezabenlimab and the interaction between hPD-1 and its
ligands

CHO cells expressing human or cynomolgus PD-1 were incu-
bated for 1 h at 6 x 10* cells/well with serially diluted ezabenli-
mab or controls, and 0.22 ug/mL biotin-labeled hPD-L1-Fc
chimera or 0.33 pg/mL biotin-labeled hPD-L2-Fc chimera
(R&D Systems, biotinylated at Boehringer Ingelheim). Cells
were washed and DELFIA Eu-labeled streptavidin was added
for a 1-h incubation period. Cells were washed and DELFIA
Enhancement solution was added prior to 30 min incubation.
Fluorescence was measured using Wallac VICTOR Multilabel
Counter (Perkin Elmer, 1420). Data were normalized
to percent inhibition where 0% inhibition equaled the fluores-
cence value of cells incubated with the ligand without antibo-
dies, and 100% inhibition equaled the signal obtained with cells
without labeled ligands or antibodies. Results were excluded if
the 95% confidence interval factor (upper/lower) was >5.

Bl 754111 and the interaction between hLAG-3 and MHC-II
Recombinant hLAG-3 protein (recombinant LAG-3 Fc chi-
mera; R&D Systems) was plated at 4 pg/mL with serially
diluted BI 754111 or controls and incubated for 15 min at
RT. Raji cells (human B cell lymphoblast cell line isolated
from Burkitt’s lymphoma expressing MHC-I [HLA-I] and
MHC-II [HLA-DR, -DQ and -DP])*' were added, incubated
for 30 min at 4°C, washed, and incubated with 2.5 pg/mL
secondary antibody to detect bound recombinant LAG-3 Fc
chimera. After 30-60 min at 4°C, cells were washed and ana-
lyzed by flow cytometry. Data were normalized to percent
inhibition as described above.

Blocking the interaction between mLAG-3 and murine
MHC-II (anti-mLAG-3 tool antibody)

3A9-mLAG-3 cells were incubated at 1.5 x 10° cells/well with
anti-mLAG3 antibody C9B7W (eBioscience) or controls, and
PE-labeled OVAss;33 MHC-II-IA®  tetramers (MBL
International, USA). After 60 min at 4°C, cells were washed
and analyzed by flow cytometry.
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In vitro functional assays

Jurkat T-cell activation assay (for ezabenlimab)

Dynabeads (Invitrogen) were coated with 0.8 pg/mL mouse
anti-hCD3 (clone UCHT]1, BD Biosciences), 10 pg/mL mouse
anti-hCD28 (clone 28.2, BD Biosciences), and 10 pg/mL hPD-
L1 mIgGl Fc chimera (generated at Boehringer Ingelheim) or
mlgG1 (Sigma), and stored at 4°C. Jurkat cells expressing hPD-
1 and containing an NFAT-activation reporter gene (luciferase;
generated by Boehringer Ingelheim) were incubated at
1.5 x 10 cells/well with serially diluted ezabenlimab or control
at a final volume of 90 pL in 96-well plates. After 10 min
incubation at 37°C, 10 puL Dynabeads/well were added, cells
were mixed and cultured for 6 hours at 37°C. 100 uL of
Steady-Glo® Luciferase Reagent was added to the wells per
manufacturer’s instructions and measured on a Victor X4
luminometer (Perkin Elmer). For ECy, calculations, 0% acti-
vation was defined as the luminescence value of cells incu-
bated with the CD3/CD28/PD-L1 beads and no antibody.
One hundred percent activation was defined as the signal
obtained with cells incubated with CD3/CD28/mlIgG1 con-
trol beads and no antibody. Antibody activity was calculated
for the antibody concentration of 166 nM in the presence of
CD3/CD28/PD-L1 beads, with 100% defined as the signal
obtained with CD3/CD28/mIgG1 beads.

3A9 T-cell activation assay (for Bl 754111)

LK35.2 cells (mouse B/T cell hybridoma cell line expressing
1AX) were pulsed with hen egg lysozyme (HEL),5_¢, peptide at
75 nM for 30 min at 37°C. In parallel, 3A9-hLAG-3 cells,
a mouse CD4-positive T cell line that specifically recognizes
that HEL-peptide presented on IA* and expresses hLAG-3,
were pre-incubated with serially diluted BI 754111 or controls
for 15 min at 37°C. A co-culture in a ratio of 2:1 (3A9-hLAG-3:
LK35.2) was then set up. Following 24 hours of culture, cell-
free supernatant was harvested and mouse IL-2 concentrations
were measured with a commercial ELISA per manufacturer’s
instructions. For ECs calculations, 0% stimulation was defined
as the IL-2 level of cells incubated with assay medium alone,
whereas 100% stimulation was defined as the IL-2 level of cells
incubated with the highest concentration of the reference tool
LAG-3 antibody.

Primary T cell recall assay (ezabenlimab and Bl 754111;
Supplementary Fig. S1)
For expansion of tetanus-toxoid-specific T cells, PBMCs from
healthy donors, who had recently been vaccinated against
tetanus, were cultured with Tetguard™ (Boehringer
Ingelheim) at 1:1200 in T cell medium. On d 6, cells were
centrifuged and resuspended in T cell media plus 5 ng/mL
IL-2 and 5 ng/mL IL-7 to a concentration of 2 x 10° cell/mL,
which was maintained during culture until d 14. Cells were
then re-stimulated by co-culture with tetanus toxoid-loaded
monocyte-derived DCs (see below) at a ratio of 1:20 in T-cell
media with human IL-2 and IL-7 (R&D Systems).
Preparation of monocyte-derived DCs was conducted in
parallel from d 8 to 16: on d 8, monocytes were isolated from
autologous PBMCs using the EasySep human monocyte
enrichment kit according to manufacturer’s instructions

(STEMCELL technologies) and cultured at 2 x 10° cells/mL
in DC culture medium (RPMI with 10% FBS, 1 x Pen/Strep, 1
x Na-Pyruvate, 10 mM HEPES, 1 x NEAA and 55 uM B-ME,
50 ng/mL GM-CSF, 50 ng/mL IL-4) in 6-well plates. On d 13,
approximately half of the DCs per donor were cultured with
50 pg/mL tetanus toxoid (Reagent Protein) in DC maturation
medium (DC culture medium with 50 ng/mL IL-4, 50 ng/mL
GM-CSF, 20 ng/mL TNF-q, 20 ng/mL IL-1B, 100 ng/mL IL-6
[all R&D Systems] and 1 pg/mL PGE2 [Sigma-Aldrich]) for 1
d, and then used for the d 14 re-stimulation of the T cells. To
generate stimulators for the antibody test, the remaining DCs
were matured and loaded with tetanus toxoid on d 15 (as on
d 13). This protocol for the generation of antigen-reactive
T cells and antigen-presenting DC reproducibly leads to the
expression of the relevant receptors PD-1 and LAG-3 on
T cells, as well as their ligands PD-L1, PD-L2 and HLA-DR
on the DC, as confirmed by flow-cytometry during assay devel-
opment and recurrent checks.

Finally, on d 16, re-stimulated T cells (5 x 10* cells/well)
were co-cultured with tetanus toxoid-loaded mature DCs (2.5
x 10° cells/well) in the presence of test antibodies. Supernatants
were harvested after 4 d of co-culture and IFN-y was deter-
mined with a commercial ELISA (Meso Scale Discovery)
according to manufacturer’s instructions. ECsq was calculated
with GraphPad Prism; efficacy (fold increase of IFN-y secretion
over isotype control at either 100 nM or 200 nM) was calcu-
lated with Microsoft Excel.

In vivo efficacy studies

All animal studies were approved by the internal ethics and
local government committees (GZ: 902734/2017/22). Female
C57BL/6NTac-PDCD1™FPEPDAre (hpDy_1 knock-in) mice
were functionally characterized by Oxford University
INNOVATION, Oxford, UK, bred at Taconic, Denmark
and obtained under a license. hPD-1 knock-in mice are fully
immune competent and harbor a modified PD-1 with human
sequences replacing murine counterparts in the extracellular
domain. This enabled testing of ezabenlimab and its variant,
BI 905725. As BI 754111 does not bind mLAG-3, it was
substituted by the anti-mouse LAG-3 antibody clone
CI9B7W (rat IgGl; BioXCell) or its variant on mouse IgG1
D265A isotype backbone (EX 80658, generated at Boehringer
Ingelheim). MC38 cells (obtained under a license from NCI,
Bethesda) in PBS and 5% FCS were mixed 1:1 with Matrigel®
matrix (without growth factors, Corning) at 1 x 10° cells/mL.
A 100 pL tumor cell suspension was subcutaneously injected
at the right flank of the mice and tumors reached a median
size of 50-90 mm® by the start of treatment on d 6. On d 6
post tumor cell injection, test compounds were administrated
intraperitoneally, and antibodies were diluted in 1x PBS to
receive different doses for administration. Antibodies were
injected in different schedules as single dose, twice a week
(q3or4d) or every 3 weeks (q21d). Tumor diameters were
measured with a caliper three times per week. Tumor volumes
(in mm’) were calculated according to the formula “tumor
volume = length * diameter® * 71/6.” Animals were euthanized
when the tumors reached 1,500 mm?®. Mice were inspected
daily for abnormalities, and body weight was measured three



times per week. Animals with a body weight loss >18% were
euthanized for ethical reasons. Tumor growth inhibition
(TGI) was calculated as follows: TGI = 100 x {1-[(treated
final day — treated gay1)/(control gnar day — control gay1)]} at the
last time point where 70% of animals of a group were alive.
Response (R) was defined as the relative tumor size being <1
compared to the measurement at the start of treatment at
a given measurement time point (end of study).

Statistical analysis of in vivo data

TGI was analyzed using a one-tailed nonparametric Mann-
Whitney-Wilcoxon U-test, based on the hypothesis that an
effect would only be measurable in one direction (i.e. expecta-
tion of tumor inhibition but not enhanced growth). P values
were adjusted using the Bonferroni-Holm correction. P values
< 0.05 were considered significant.

Data availability

All data relevant to the study are included in the article or as
Supplementary Information. Any further information regarding
resources and reagents may be directly requested to the corre-
sponding author and will be available upon reasonable request.

Results

Characterization and binding properties of ezabenlimab
and inhibition of ligand binding

The affinity of ezabenlimab (Kp) to hPD-1 was determined as
6 nM by SPR, and cross-reactivity to cynomolgus PD-1 was seen
(Kp 32 nM). Dose-dependent binding of ezabenlimab to hPD-1
was confirmed using CHO cells stably expressing hPD-1.
Ezabenlimab was not cross-reactive to mouse PD-1 expressed on
CHO cells (Supplementary Table 2). Ezabenlimab bound with
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almost identical ECsy values to hPD-1 expressed on activated
CD3-positive/CD4-positive  or  CD3-positive/CD8-positive
T cells. Although SPR values were slightly lower for binding to
cynomolgus versus human PD-1, binding data on activated cyno-
molgus T cells were similar to that for human T cells. Ezabenlimab
was not cross-reactive to rat PD-1 (Supplementary Table 2).

Ezabenlimab blocked the interaction of hPD-1 (expressed
on CHO cells) with its ligands, hPD-L1-Fc and hPD-L2-Fc,
with ICy, values of 4.14 + 1.2 nM and 3.98 + 0.5 nM, respec-
tively. Blocking properties were similar for the interaction with
cynomolgus PD-1 expressed on CHO cells, with ICq, values of
5.61 = 1.4 nM for hPD-L1-Fc and 7.54 + 1.7 nM for hPD-L2-Fc
(Supplementary Table 2).

In vitro functional activity of ezabenlimab

Ezabenlimab blocked the inhibitory interaction between PD-1
and PD-L1, resulting in a dose-dependent increase in luciferase
activity in the reporter gene Jurkat T-cell activation assay (ECg,
of 3.71 nM; Figure 1). Analysis of the activity of ezabenlimab
using primary human antigen-experienced CD3-positive
T cells showed a dose-dependent increase in IFN-y secretion
(average 7.9-fold versus isotype; Supplementary Fig. S1), with
an average ECs, of 0.9 nM.

In vivo activity of ezabenlimab

In a hPD-1 knock-in mouse model, ezabenlimab treatment led
to tumor growth delay at dose levels of 0.3 and 1 mg/kg and
tumor regressions at dose levels >3 mg/kg versus isotype con-
trol (Figure 2).

Findings from a second in vivo analysis comparing single-
dose and twice-weekly administration of 10 mg/kg ezabenli-
mab showed comparable anti-tumor activity and suggested
that a single treatment in this model had similar antitumor
activity to twice-weekly dosing (Supplementary Fig. S2).

Ezabenlimab ECyy = 3.71 nM (SD 1.47)
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Figure 1. Blockade of inhibitory PD-1/PD-L1 signaling by ezabenlimab leads to T-cell activation. Beads coated with PD-L1 protein and agonistic CD3 and CD28
antibodies were used to stimulate and simultaneously block activation of Jurkat cells expressing human PD-1. Dose titration with ezabenlimab blocked the inhibitory
interaction leading to NFAT-mediated luciferase activity. Left panel (a) shows graphical description of the assay. Right panel (b) shows the assay results from one study
(ECyp was calculated from three studies). Luciferase activity was calculated: 0% activation represents the luminescence value of cells incubated in the presence of anti-
CD3/anti-CD28/PD-L1 beads without antibodies, and 100% activation represents the signal obtained with maximum luciferase levels in the presence of anti-CD3/anti-
CD28/mouse IgG1 loaded control beads without antibodies present. In red, ezabenlimab mediated a dose-dependent increase in luciferase activity. In gray, titration of

control IlgG4 antibody did not affect luciferase activity.
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Figure 2. Ezabenlimab treatment leads to tumor regression in the MC38 mouse tumor model. MC38 colon adenocarcinoma were subcutaneously grown in hPD-1 knock-
in mice. Isotype control (a) or ezabenlimab (b—f) were administered by intraperitoneal injection once every 3 weeks (starting on d 6 after tumor cell injection). Tumor
diameters were measured three times per week. TGl was calculated on d 25 (as indicated by the vertical red line) and the responding tumors were counted on d 36.
Response was defined by a tumor size that was the same or smaller than the measurement at the start of treatment. Graphs show individual tumor volumes over time
per treatment group and the table provides a summary of TGl and response for each dosage schedule.TGl, tumor growth inhibition; q21d, every 21 days.

As ezabenlimab is formatted as a human IgG4 backbone,
potential anti-drug-antibodies could potentially have con-
founded the observed effects. Thus, for further in vivo studies,
we produced a variant of ezabenlimab with a mouse IgGl-
D265A backbone: BI 905725. Binding affinities of BI 905725
versus ezabenlimab on CHO cells expressing hPD-1 were
determined; median Kp values were 204.7 nM for BI 905725
and 38.6 nM for ezabenlimab (Supplementary Table 3). We
considered these affinities to be sufficiently similar for
a subsequent in vivo study.

In a subsequent in vivo comparison, ezabenlimab treatment
resulted in TGI of 101% on d 22 versus human isotype control
(p =0.0002), and two of ten tumors responded (Supplementary
Fig. S3). This was comparable with the previous study
(Figure 2). BI 905725 treatment resulted in TGI of 98% versus
mouse isotype control (p = 0.0037), and four of ten tumors

responded. Overall, the antitumor activity of ezabenlimab and
BI 905725 was similar, with both treatments resulting in tumor
growth delays and a similar fraction of responding tumors.

Characterization of mLAG-3 tool antibodies

To test the combination of BI 905725 and anti-LAG-3 antibodies,
we first characterized anti-mouse LAG-3 antibodies. We con-
firmed that C9B7W (commercially available rat IgG1 anti-mouse
LAG-3 antibody) binds to mLAG-3 expressed on 3A9 cells
(Figure 3(a)). To assess if C9B7W blocked the interaction of
mLAG-3 with murine MHC-II, we used an OV A3,3_330-MHC-II-
IA® tetramer to focus on binding of MHC-II to mLAG-3 without
additional antigen-specific binding by the T cell receptor (as the
T cell receptor of 3A9 cells does not recognize OVAj;,3 330 on 1A,
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Figure 3. Murine LAG-3 (mLAG-3) tool antibodies potently block the interaction of mLAG-3 and murine MHC-II.

(a) 3A9 mouse T cell line expressing mLAG-3 (3A9-mLAG-3) was incubated with 20 pg/mL isotype control or 20 ug/mL C9B7W rat IgG1 anti-mLAG-3 antibody. Bound
antibodies were detected by PE-labeled secondary antibody and the signal was detected by flow cytometry. The graph illustrates that a specific signal was seen only
when cells were incubated with C9B7W confirming that it binds to mLAG-3 in this particular test. (b) 3A9-mLAG-3 expressing cells were incubated with 20 ug/mL
isotype control or 20 pg/mL C9B7W in the presence of PE-labeled OVA;53.336 MHC-II-IA® tetramer for 60 min, washed and fluorescent signals were detected by flow
cytometry. Bound tetramers were observed only in the isotype treated control (left graph); presence of C9B7W blocked the interaction of these mouse Class Il tetramers
to mLAG-3 (right graph). (c) C9B7W (rat IgG1) and EX 80658 (C9B7W variant on mouse IgG1 D265A backbone) were tested for their binding properties to mouse LAG-3
expressed on a 3A9 mouse T cell line. Bound primary antibody was detected using either anti-mouse or anti-rat fluorescently labeled secondary antibody. After washing,
the remaining signal was detected by flow cytometry and ECs, values were calculated. Left graph shows dose-dependent binding of antibodies to mLAG-3 as indicated
by increasing MFI. The table provides an overview of the calculated ECsq values including the 95% Cl for the two antibodies. Cl, confidence interval; MHC-II, major
histocompatibility complex class II; MFI, median fluorescent intensity.

but HELs 4, on IAY). OV A3 330-MHC-II-IA® tetramer readily To reduce the possible negative impact on efficacy due to
bound to 3A9 cells, but treatment with C9B7W abolished that the formation of anti-drug antibodies, a mouse IgG1 variant of
binding (Figure 3(b)). C9B7W was generated (EX 80658). The parental rat IgG1



€2080328-8 M. ZETTL ET AL.

C9B7W and EX 80658 bound to mLAG-3 with similar ECs,
values (Figure 3(c)) and were used in the subsequent in vivo
studies.

Combined in vivo activity of anti-PD-1 and anti-LAG-3
treatment

Neither C9B7W nor EX 80658 monotherapy had a strong
antitumor effect compared with isotype-treated animals
(MC38 tumor model using hPD-1 knock-in mice; p = 0.7394
and p = 0.7394). The tumors treated with either of these anti-
mLAG-3 antibodies had similar growth properties (Figure 4).

BI 905725 monotherapy led to a response in four of ten
tumors and the six remaining tumors showed a delay in tumor
growth compared to isotype-treated animals (TGI of 104;
p =0.0001). Addition of COB7W to BI 905725 led to a response
in four of ten tumors, but the remaining six tumors showed
a further delay in tumor growth versus PD-1 monotherapy
(TGI of 89; p = 0.0002). The number of responding tumors
doubled (eight of ten) when BI 905725 was combined with EX
80658 (TGI of 106; p = .0001; Figure 4). Especially, the combi-
nation study with EX 80658 supports the hypothesis that com-
bining anti-LAG-3 and anti-PD-1 treatment leads to enhanced
in vivo antitumor activity versus anti-PD-1 monotherapy.
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F BI 905725 + EX 80658 B w0+ q3orad 106 8/10 0.0001

Figure 4. In vivo combination of Bl 905725 with anti-mLAG-3 treatment is more efficacious than Bl 905725 therapy only.

MC38 colon adenocarcinoma were subcutaneously grown in hPD-1 knock-in mice. Starting on d 6, animals were treated by intraperitoneal injection with isotype control
(a), C9B7W (rat IgG1 anti-mLAG-3) (b), EX 80658 (mouse IgG1 D265A anti-mLAG-3) (c), Bl 905725 (mouse IgG1 D265A anti-hPD-1) (d) or the combination of Bl 905725
with either COB7W (e) or EX 80658 (f). All antibodies were administered at a dose of 10 mg/kg twice weekly. Tumor diameters were measured three times per week.
Responding tumors were counted on d 47. Graphs show individual tumor volumes over time per treatment group and the table provides a summary of response per
treated group. Response was defined by a tumor size that was the same or smaller than the measurement at the start of treatment. TGl values were determined on d 21
because control tumors are required for calculation; long-term efficacy results are best described in this study by response and the individual tumor growth curves. hPD-
1, human programmed cell death protein-1; mLAG-3, mouse lymphocyte activation gene-3, q3or4d, every 3 or 4 d.



Characterization and binding properties of Bl 754111 and
inhibition of ligand binding

We developed an anti-hLAG-3 antagonistic antibody, BI 754111.
Binding properties of BI 754111 are summarized in
Supplementary Table 4. The affinity of BI 754111 (Kp) to
hLAG-3 was determined as 88.6 and 112 pM using two
different preparations of the antibody in the same SPR
experiment. BI 754111 was cross-reactive to cynomolgus
LAG-3 (Kp values of 21.6 and 33 pM). Dose-dependent
binding of BI 754111 to cell surface-expressed LAG-3 was
confirmed using CHO cells stably expressing either hLAG-3
or cynomolgus LAG-3. BI 754111 bound to hLAG-3 (ECy,
0.97 nM) and to cynomolgus LAG-3 (ECyy 4.08 nM), sug-
gesting similar binding properties to LAG-3 in both species.
BI 754111 was not cross-reactive with mLAG-3 expressed
on the surface of CHO cells.

Similar ECsy values for binding of BI 754111 to hLAG-3
expressed on activated CD3-positive/CD4-positive or on acti-
vated CD3-positive/CD8-positive T cells were observed
(0.012 £ 0.006 and 0.003 + 0.001 nM, respectively). The bind-
ing data on activated cynomolgus T cells were similar to
human T cells (0.033 + 0.010 and 0.017 + 0.005 nM,
respectively).

BI 754111 potently blocked binding of soluble hLAG-3 to
MHC-II-expressing Raji cells (ICqy of 2.1 nM; Figure 5). Raji
cells express HLA-DR, -DQ and -DP MHC-II, and hLAG-3
was shown to bind to all three molecules.”” Thus, our data
demonstrating complete blockade of LAG-3 binding to Raji
cells by BI 754111 suggest that the antibody is able to interfere
with LAG-3 binding to all types of expressed MHC-II
molecules.

1307 BI7541111C4s= 2.1 nM (5D 0.2)

Bl 754111
-@- Isotype control (higG4 Pro)

100 A

50

Inhibition (%)

-50 T T T 1
-2 -1 0 1 2

Log Concentration (nM)

Figure 5. Bl 754111 potently blocks binding of soluble hLAG-3 to MHC class I
expressing Raji cells. Recombinant human LAG-3 Fc chimera was incubated with
serially diluted Bl 754111 or isotype control. Raji cells expressing MHC class Il were
added. After incubation and washing, bound human LAG-3 was detected using
fluorescently labeled anti-human IgG antibody using flow cytometry. For dose
response curves and 1Cyo calculation, data were normalized to 0% inhibition
(defined as the fluorescence value of cells incubated with the soluble hLAG-3
and no antibodies present) and 100% inhibition (defined as the signal obtained
with cells without soluble hLAG-3 or antibodies). The graph shows Bl 754111
dose-dependent inhibition of binding of soluble LAG-3 to Raji cells expressing
MHC class Il (one example from four donors). hLAG-3, human lymphocyte activa-
tion gene-3; Ig, immunoglobulin; MHC, major histocompatibility complex.
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In vitro functional activity of Bl 754111 monotherapy
and in combination with ezabenlimab

Assessment of the capability of BI 754111 to increase IL-2
secretion of the mouse cell line 3A9-hLAG-3 in the presence of
HEL,s 6>-pulsed MHC-II 1Ak expressing LK35.2 cells showed
an ECsq value of 0.31 nM for BI 754111 (Figure 6(a)).

In a second functional assay, the ability of BI 754111 and
ezabenlimab as monotherapies or in combination to increase
the secretion of IFN-y was assessed using the tetanus toxoid
antigen-specific T cell assay. BI 754111 monotherapy showed
a dose-dependent increase of IFN-y (average 1.8-fold increase
versus isotype control; Figure 6(b)). Ezabenlimab monother-
apy led to a dose-dependent increase of IFN-y secretion until
a plateau was reached, with an average 6.9-fold maximum
increase compared with isotype control and combination of
BI 754111 (titration) with ezabenlimab (fixed 200 nM) led to
a further increase of IFN-y secretion (average 13.2-fold
increase). All three treatment effects were statistically signifi-
cant versus isotype, and the combination was statistically sig-
nificantly higher than either monotherapy (p < 0.05).

Overall, BI 754111 functionally blocks the interaction of
LAG-3 with MHC-II and combining BI 754111 with ezabenli-
mab leads to greater in vitro activity compared with mono-
therapy with either antibody.

Secondary pharmacodynamic and pharmacokinetic
studies

BI 754111 and ezabenlimab were tested for their properties to
cause antibody-dependent cellular toxicity (ADCC) or comple-
ment-dependent cytotoxicity (CDC) and both were devoid of any
ADCC and CDC (data not shown). Ezabenlimab and BI 754111
showed dose-dependent exposure in pharmacokinetic studies
using cynomolgus monkeys and the results of all safety and
toxicological studies supported first-in-human clinical studies
(data not shown).

Discussion

In this study, we present two novel humanized monoclonal
antibodies in clinical development: ezabenlimab, targeting PD-
1, and BI 754111, targeting LAG-3. Ezabenlimab, a humanized
PD-1-targeting monoclonal antibody, blocked the interaction of
human PD-1 with its ligands, PD-L1 and PD-L2. Ezabenlimab
was cross-reactive with cynomolgus but not mouse PD-I.
Ezabenlimab dose-dependently increased IFN-y secretion,
a marker of T-cell activity, in vitro, and demonstrated dose-
dependent antitumor activity in a hPD-1 knock-in mouse
model. As ezabenlimab is a humanized antibody with a human
IgG4 constant region, additional in vivo studies were performed
using a mouse IgGl1 variant of ezabenlimab (BI 905725). The
in vivo antitumor activities of ezabenlimab and BI 905725 were
similar.

Upregulation of other inhibitory receptors, such as LAG-3,
has been hypothesized to limit the antitumor activity of PD-1/
PD-L1 inhibitors by attenuating T-cell activation and prevent-
ing tumor cell destruction.”> Therefore, combined targeting of
PD-1 and LAG-3 is anticipated to improve antitumor
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Figure 6. Blockade of inhibitory LAG-3/MHC class Il signaling by Bl 754111 leads to T-cell activation.

(a) Detached LK35.2 cells were pre-incubated with HEL,s 6, peptide. In parallel, a 3A9 mouse T cell line expressing human LAG-3 was incubated with serially diluted BI
754111 or isotype control. A co-culture of 3A9-hLAG-3: LK35.2 cells (ratio of 2:1) was set up and incubated for 24 hours. Thereafter the supernatant was harvested and
mouse IL-2 concentrations were analyzed by ELISA. ECso was calculated by data transformation; 0% activation was defined as IL-2 secretion of cells incubated with assay
medium only and 100% activation was defined as IL-2 secretion of cells incubated with the highest concentration of the reference tool anti-human LAG-3 antibody. (b)
PBMCs from healthy human donors who had recently been vaccinated against tetanus were cultivated in the presence of the antigen and T cells were expanded for
13 d. In parallel, monocyte derived DCs were generated and loaded with tetanus antigen. T cell culture and antigen-loaded DCs were co-cultured for one day and on the
next day freshly antigen-loaded DCs were added a second time together with antibodies. After 4 d of treatment, supernatants were analyzed for IFN-y secretion by ELISA
(see the scheme in Supplementary Fig. S1). Left graph shows results from one donor: a dose-dependent increase of IFN-y secretion following treatment with
ezabenlimab (blue curve), B 754111 (orange curve) or ezabenlimab in combination with Bl 754111 (green curve). Right graph shows the data from four donors treated
with ezabenlimab, Bl 754111 or their combination. APC, antigen-presenting cell; DCs, dendritic cells; IFN, interferon; IL, interleukin; MHC-II, major histocompatibility

complex class Il; LAG-3, lymphocyte activation gene-3; PBMCs, peripheral blood mononuclear cells; SD, standard deviation.

responses versus PD-1 monotherapy. Preclinically, in vivo
combination of anti-mouse PD-1 with anti-mouse LAG-3
resulted in superior antitumor activity versus anti-mouse PD-
1 treatment alone.'” These studies have predominantly used
the rat IgG1 anti-mLAG-3 C9B7W clone. While C9B7W has
previously been described to functionally block mLAG-3, it did
not appear to prevent the binding of mLAG-3 to MHC-IL.**
We showed that C9B7W dose-dependently blocked binding of
fluorescently labeled OVA-mMHC-II tetramers to mLAG-3,
suggesting C9B7W is a valid tool to study MHC II-blocking
anti-LAG-3 antibodies. The difference in the experimental out-
come might be related to different assay conditions. For exam-
ple, we used OVA-loaded MHC-II tetramers whereas others
used unloaded MHC-II agents. EX 80658, a variant of the

C9B7W variable regions with a mouse IgG1 D265A backbone,
showed similar binding properties to mLAG-3 as the parental
C9B7W antibody.

We used a MC38 mouse tumor model to assess antitumor
activity of combined anti-PD-1 and anti-LAG-3 treatment.
Minimal antitumor effects were observed with anti-LAG-3
monotherapy (CO9B7W or EX 80658) while mouse anti-hPD-1
monotherapy (BI 905725) resulted in effective tumor
responses. Combined anti-LAG-3 and anti-PD-1 treatment
enhanced antitumor activity versus anti-PD-1 therapy alone:
addition of CO9B7W to BI 905725 further delayed tumor growth
compared to BI 905725 monotherapy, while addition of EX
80658 to BI 905725 doubled the number of responding tumors
versus BI 905725 monotherapy. Reasons for the difference in



antitumor activity between addition of C9B7W and EX 80658
to BI 905725 are unclear but could include differing FcR inter-
actions (rat or mouse Fc) or potential differences in exposure
between these antibodies. The observed combination effect
matches other studies in mouse models: assessment of a rat:
mouse chimera mimic of MK-4280 (an anti-hLAG-3 antibody
that cross-reacts with mLAG-3) in syngeneic mouse tumor
models showed modest antitumor activity as monotherapy,
but combination with an anti-mouse PD-1-blocking antibody
increased tumor growth inhibition,? which is in line with the
initial data by Woo et al., 2012."° Similarly, preclinical data
with the anti-LAG-3 antibodies, REGN3767 and TSR-033,
showed that dual targeting of LAG-3 and PD-1 synergistically
improved antitumor activity and T-cell activation.***”

We developed the anti-hLAG-3 antagonistic antibody,
BI 754111, which binds strongly to human and cynomol-
gus LAG-3, but not mouse or rat LAG-3. BI 754111
blocked the interaction of hLAG-3 with its ligand hMHC-
II. Other ligands for LAG-3 - galectin-3 and LSECtin, and
in mice also fibrinogen-like protein 1 (FGL-1) - which are
believed to play roles in T-cell regulation have been
described.”®* > We have not examined the effect of BI
754111 on the interaction between LAG-3 and galectin-3
and LSECtin. By contrast, while we have confirmed
a binding interaction between mouse LAG-3 and mouse
FGL-1, our studies could not demonstrate binding of
human LAG-3 and human FGL-1 (data not shown) so
we do not consider the activity of BI 754111 relevant to
this interaction.

In vitro, BI 754111 monotherapy showed a dose-dependent,
but minimal, increase in IFN-y secretion. However, the addition of
BI 754111 to a fixed dose of ezabenlimab dose-dependently
increased IFN-y secretion. This suggests that anti-PD-1-mediated
T-cell activation can be enhanced by addition of BI 754111 and is
consistent with data reported for other anti-LAG-3 antibodies.”**”

In conclusion, we have identified and characterized two
humanized monoclonal antibodies: ezabenlimab, which targets
PD-1, and BI 754111, which targets LAG-3. Both antibodies
bound to their targets with high affinity and prevented ligand
binding. Ezabenlimab enabled increased IFN-y release in vitro
and demonstrated antitumor activity in vivo; both observations
are consistent with the properties of PD-1-blocking and neu-
tralizing antibodies. Combination of anti-PD-1 and anti-LAG
-3 antibodies in vivo was associated with enhanced antitumor
activity versus PD-1 inhibition alone. As both ezabenlimab and
BI 754111 bind to cynomolgus PD-1 and LAG-3, respectively,
cynomolgus monkeys were deemed an appropriate animal
model for non-clinical safety and toxicological assessment.
Both antibodies showed dose-dependent exposure in pharma-
cokinetic studies and favorable safety and toxicological assess-
ment (data not shown). Overall, our data supported first-in-
human clinical studies for both antibodies (NCT03156114;
NCT03433898). Preliminary data from these studies have
been reported. The combination of BI 754111 and ezabenlimab
was well tolerated and antitumor activity was observed in
patients with microsatellite stable metastatic colorectal
cancer.”’ The combination also showed antitumor activity in
patients with gastric/gastroesophageal junction or esophageal
cancer; however, addition of LAG-3 inhibition did not improve
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response beyond that expected with anti-PD-1 alone.’” Two
other anti-LAG-3 antibodies have also reported preliminary
results from the clinical setting. The anti-LAG-3 antibody,
LAG525, was assessed as monotherapy or in combination
with spartalizumab (an anti-PD-1 antibody) in patients with
advanced cancers. There were no antitumor responses in the
LAG525 monotherapy cohort but activity was observed for
LAGS525 plus spartalizumab.” Relatlimab, another anti-LAG
-3 antibody, showed antitumor activity when administered in
combination with nivolumab to patients with melanoma who
had previously received anti-PD-1/PD-L1 therapy.”* Recent
Phase 3 data from the RELATIVITY-047 trial show that rela-
tlimab plus nivolumab significantly improved progression-free
survival versus nivolumab alone in patients with untreated
metastatic or unresectable melanoma.” Collectively, preclini-
cal and clinical results suggest that targeting the LAG-3 path-
way in combination with PD-1 inhibition may be a key strategy
to enhance the immune response and help improve outcomes
for cancer patients.
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