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ABSTRACT

Background Despite the preclinical promise of CD40
and 4-1BB as immuno-oncology targets, clinical efforts
evaluating CD40 and 4-1BB agonists as monotherapy have
found limited success. DuoBody-CD40x4-1BB (GEN1042/
BNT312) is a novel investigational Fc-inert bispecific
antibody for dual targeting and conditional stimulation of
CD40 and 4-1BB to enhance priming and reactivation of
tumor-specific immunity in patients with cancer.
Methods Characterization of DuoBody-CD40x4-1BB in
vitro was performed in a broad range of functional immune
cell assays, including cell-based reporter assays, T-cell
proliferation assays, mixed-lymphocyte reactions and
tumor-infiltrating lymphocyte assays, as well as live-cell
imaging. The in vivo activity of DuoBody-CD40x4-1BB was
assessed in blood samples from patients with advanced
solid tumors that were treated with DuoBody-CD40x4-
1BB in the dose-escalation phase of the first-in-human
clinical trial (NCT04083599).

Results DuoBody-CD40x4-1BB exhibited conditional
CD40 and 4-1BB agonist activity that was strictly
dependent on crosslinking of both targets. Thereby,
DuoBody-CD40x4-1BB strengthened the dendritic

cell (DC)/T-cell immunological synapse, induced DC
maturation, enhanced T-cell proliferation and effector
functions in vitro and enhanced expansion of patient-
derived tumor-infiltrating lymphocytes ex vivo. The addition
of PD-1 blocking antibodies resulted in potentiation of
T-cell activation and effector functions in vitro compared
with either monotherapy, providing combination rationale.
Furthermore, in a first-in-human clinical trial, DuoBody-
CD40x4-1BB mediated clear immune modulation of
peripheral antigen presenting cells and T cells in patients
with advanced solid tumors.

Gonclusion DuoBody-CD40x4-1BB is capable of
enhancing antitumor immunity by modulating DC and
T-cell functions and shows biological activity in patients
with advanced solid tumors. These findings demonstrate
that targeting of these two pathways with an Fc-inert
bispecific antibody may be an efficacious approach to (re)
activate tumor-specific immunity and support the clinical

investigation of DuoBody-CD40x4-1BB for the treatment
of cancer.

INTRODUCTION
The unprecedented clinical success of
immune checkpoint inhibitors (CPI) has
demonstrated the potential for reactivation
of antitumor immunity in cancer treatment.
While CPI have revolutionized the treat-
ment paradigm and prognosis for a subset
of patients with advanced solid tumors,
additional (combination) immunotherapies
are needed to address unmet need as many
patients progress after an initial response
or experience primary resistance.' * In this
context, targeting tumor necrosis factor
receptor (TNFR) superfamily members,
which deliver essential costimulatory activity
for the generation of effective immune
responses, has gained much attention.

41BB (CD137) is a costimulatory TNFR
expressed on immune cells, including T cells,
natural killer (NK) cells and monocytes.3 4
While naive T cells lack 4-1BB expression, the
receptor is upregulated on T-cell receptor
(TCR) engagement. Crosslinking of 4-1BB
activates the MAPK and NF-kB signaling path-
ways and enhances T-cell proliferation and
cytokine production (including interferon
(IFN)-y and tumor necrosis factor (TNF)-o),
enhances cytotoxic T-cell effector functions
and prevents activation-induced cell death
of T cells.?>* In preclinical studies, treatment
with agonistic monoclonal antibodies (mAbs)
directed against 4-1BB leads to tumor regres-
sion and protects against secondary tumor
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challenge by augmenting T-cell and NK-cell mediated
anti-tumor immunity. *

CD40 is a stimulatory receptor that is primarily
expressed on antigen presenting cells (APCs), including
dendritic cells (DGCs), B cells, monocytes and macro-
phages.”® Therefore, unlike other TNFR family members
that are primarily expressed on T cells, engagement of
CDA40 leads to activation and maturation of the CD40-
expressing APCs. CD40 ligand (CD40L) expression on
immune cells is mainly localized to lymphocyte subsets
such as T cells, NK cells and B cells, butis most prominent
on activated CD4" T cells.”® DCs that have been activated
through CD40 stimulation upregulate the costimulatory
molecules CD80 and CD86 as well as ligands of other
TNFRs and secrete enhanced levels of immunostimula-
tory cytokines such as interleukin (IL)-12 and TNF-o..”
Owing to this central role in the activation of adaptive
immune responses, CD40 is an attractive target for
augmentation of antitumor immune responses.8 Impor-
tantly, by directly binding to DCs, CD40 agonistic agents
can substitute for DC activation via CD40L" CD4" T cells,
thereby leading to the generation of robust CD8" T-cell
mediated antitumor immunity independent of CD4"
Tcell help.”™

The use of agonistic antibodies to induce CD40 immu-
nostimulatory signaling in APCs and to enhance activa-
tion of 4-1BB-expressing T cells, respectively, may provide
opportunities to boost antitumor immune responses
within the tumor and in tumor-associated lymphoid tissue.
In preclinical studies, bispecific antibodies that activate
4-1BB through crosslinking with a tumor-associated
secondary target enhanced the antitumor immune
response in the tumor microenvironment (TME).H_15
Additional costimulation of CD40 could further enhance
costimulatory signaling provided by APCs, resulting in
enhanced priming and (re)activation of tumor-specific
immunity.

While these preclinical findings have validated CD40
and 4-1BB as targets for cancer immunotherapy, clinical
efforts using agonistic single targeted agents have met
limited success. Modest monotherapy response rates have
been recorded in several clinical trials of CD40-agonistic
mAbs, despite clear evidence of pharmacodynamic
activity. '°'® 4-1BB agonists have either shown limited
efficacy at well-tolerated doses or hepatotoxicity at effi-
cacious doses.* ' *” The underlying biology of these path-
ways provides a clear rationale for the combined bispecific
targeting of 4-1BB and CD40 to enhance response rates
and broaden the therapeutic window.

We hypothesized that dual targeting and conditional
stimulation of 4-1BB and CD40 using an Fc-inert bispecific
antibody may combine these two complementary mech-
anisms to further enhance antitumor immunity. Here,
we describe the generation and preclinical characteri-
zation of DuoBody-CD40x4-1BB (GEN1042/BNT312),
a novel investigational bispecific agonistic antibody that
combines targeting of costimulatory molecules CD40 and
4-1BB. Preclinical proof-of-concept data are presented in

addition to initial pharmacodynamics results from the
dose-escalation phase of our first-in-human clinical trial.

MATERIALS AND METHODS
Antibodies
Cell lines, commercially available antibodies and

research antibodies produced at Genmab are listed in
online supplemental methods. Monoclonal antibodies
(mAbs) were recombinantly produced in a human IgGl
backbone, using previously described methods.”’ The
mutations L234F, L235E and D265A were introduced
to abrogate Fc binding to IgG Fc receptors (FcyR) and
complement component C1q.** The F405L and K409R
DuoBody mutations were introduced to allow genera-
tion of bsAbs by controlled Fab-arm exchange.” ** The
HIV-1 gpl120-specific isotype control antibody (mAb-ctrl)
based on IgG1-b12* was used to generate bsAbs with one
non-binding Fab arm (eg, bsAb-ctrlx4-1BB). The detailed
procedure for the generation and selection of mAb-CD40-
FEAL, mAb-4-1BB-FEAR and DuoBody-CD40x4-1BB is
described in online supplemental methods.

Cell isolation and enrichment

Peripheral blood mononuclear cells (PBMCs) were
isolated from buffy coats of healthy human blood donors
(Transfusionszentrale, University Hospital, Mainz,
Germany) by density centrifugation over a Ficoll-Paque
gradient (VWR, Ficoll-Paque PLUS medium, 17-5446-02),
according to the manufacturer’s instructions.

CD14" monocytes were enriched from PBMCs of HLA-
A*(02-positive donors by magnetic-activated cell sorting
(MACS), using CDI4 magnetic microbeads (Miltenyi,
130-050-201), AutoMACS columns (Miltenyi, 130-021-
101) and an AutoMACS Pro Separator (Miltenyi, 130-
092-545), according to the manufacturer’s instructions.
Similarly, CD8" T-cell populations were enriched from
the CD14 fraction or whole PBMCs by MACS using CD8
microbeads (Miltenyi, 130-045-201).

Differentiation of immature dendritic cells (iDC)

CD14" monocytes were either isolated as described above
or obtained from Precision for Medicine (81 400-5M)
or BioIVT. For differentiation into iDC, CD14" cells were
incubated with 100 ng/mL GM-CSF (eg, Biolegend,
766106) and 50-300 ng/mL IL-4 (eg, Biolegend, 766206)
in suspension culture flasks in DC or MLR medium
(online supplemental methods). Fresh medium supple-
mented with GM-CSF and IL-4 was supplied as appro-
priate. Non-adherent and adherent cells were harvested
between days 5 and 7, pooled and collectively referred to
as iDCs.

Electroporation

iDC or CD8" T cells were suspended at a concentration of
20x10° or 60x10° cells/mL in X-Vivol5 medium, respec-
tively. For each electroporation, a 250 pL cell suspension
was transferred to electroporation cuvettes (4.0 mm gap
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size, VWR International GmbH, 732-0023) and kept at
RT (iDC) or on ice (T cells). RNA encoding claudin 6
(CLDNG®6; 0.3-3 pg) was electroporated into iDCs (300 V,
12 ms, 1 pulse) using an ECM 830 Electroporation System
(BTX, 45-0002). RNA encoding the alpha and beta chains
of the CLDN6 TCR (HLA-A2/CLDNG6-TCR; 10 pg each)
was electroporated into T cells (500 V, 3 ms, 1 pulse).
Immediately after electroporation, 1 mL of prewarmed
assay medium (online supplemental methods) was added.
The iDC suspension was transferred to a 6-well plate
(Greiner Bio-One GmbH, 657-160) and incubated O/N.
The T cells were transferred to a 15 mL tube and incu-
bated for 1 h. Expression of the electroporated proteins
was confirmed by flow cytometry.

Imaging of DC:T-cell interaction
DCs were seeded on poly-L-ysine (0.1 pg/mL; 2x10°
cells/well) coated coverslips for 4 hours, followed by
coculture with anti-CD3/anti-CD28 prestimulated CD8*
T cells (4x10° cells/well) in the presence of 0.5 ig/mL of
DuoBody-CD40x4-1BB or control antibodies and further
analyzed by immunofluorescence.

Claudin 6 (CLDNG6)-electroporated iDC were seeded in
a 96-well plate (1><1O4 cells/well). After O/N incubation,
CLDNG6-TCR-electroporated CD8" T cells were added
(2x10* cells/well) and the cells cocultured in the pres-
ence of 0.125 pg/mL of DuoBody-CD40x4-1BB or control
antibodies and further analyzed by live-cell imaging.

Reporter assays

CD40 agonist activity was evaluated using human CD40
effector cells (T&U GloResponse NFkB-luc2P/U20S cells;
Promega, CS1979A06) and the BioGlo Luciferase Assay
(Promega, G720A). CD40 effector cells were cocultured
with K562 human chronic myelogenous leukemia cells,
which were stably transfected with human 4-1BB (K562_
h4-1BB) or without K562_h4-1BB cells, in the presence
of antibodies. 4-1BB agonist activity was evaluated using
human 4-1BB effector cells (T&U GloResponse NFkB-
luc2/4-1BB Jurkat cells; Promega, CS196003) and the
BioGlo Luciferase Assay. 4-1BB effector cells were cocul-
tured with K562 cells, which were stably transfected with
human CD40 (Kb62_hCD40), or without K562_hCD40
cells, in the presence of antibodies. Luminescence was
recorded using an Infinite F200 Pro plate reader (Tecan
Life Sciences) or an EnVision multilabel plate reader
(EnVision).

B-cell activation

CD19" B cells were isolated (enriched) from buffy coats
by MACS using CD19 magnetic microbeads (Miltenyi
Biotec GmbH, cat. no. 130-050-301) and were collected in
prewarmed B-cell medium. B cells were cocultured with
K562 cells or Kh62_h4-1BB cells at a 1:1 ratio (2.5><1()5
cells/mL for both cell types) in the presence of DuoBody-
CD40x4-1BB at 37°C, 5% CO, for 2 days. Expression of
activation markers CD69 and CD86 was evaluated by flow
cytometry.

T-cell proliferation assays

PBMC were labeled with carboxyfluorescein succinim-
idyl ester (CFSE) using the Vybrant CFDA SE Cell tracer
kit (Life Technologies GmbH, V12883), and stimulated
with an anti-CD3 antibody in T-cell assay media at 7.5x10*
cells per well in round-bottom 96-well plates (Costar,
734-1797). The cells were cultured in the presence of
DuoBody-CD40x4-1BB or control antibodies for 4 days,
and CFSE dilution was analyzed by flow cytometry. Super-
natants were harvested for cytokine analysis 48 hours
after start of the culture.

CDS8" T cells were isolated from healthy donor PBMCs
(HLA-A*02) and electroporated with RNA encoding
an  HLA-A*02-restricted, CLDN6-TCR. Cells were
labeled with CFSE or alternative CellTrace proliferation
dyes as described above and cocultured with CLDNG6-
electroporated autologous iDC in round-bottom 96-well
plates (5x10* T cells and 5x10® iDC per well). Cells were
treated with DuoBody-CD40x4-1BB or control antibodies
for 4 days. Supernatants were harvested for cytokine anal-
ysis, and cells were analyzed for T-cell proliferation by
flow cytometry as above.

iDC maturation and mixed-lymphocyte reaction (MLR) assays
To obtain mature DCs (mDGCs), the iDCs were incubated
with 1xLPS (ThermoFisher, 00-4976-93) for 24 hours
prior to initiation of the MLR. CD8" T cells were incu-
bated in MLR medium with 10 ng/mL IL-2 (BioLegend,
589106) O/N, prior to initiation of the MLR.

CD8" T cells were cocultured with either iDCs or mDCs
(2x10° T cells: 2x10* DC per well) in AIM-V medium and
incubated with DuoBody-CD40x4-1BB (monotherapy
(iDC:CD8" T cell and mDC:CD8" T-cell cocultures) or
concurrent treatment with pembrolizumab (mDC:CD8"
T-cell cocultures; Research-grade, Selleckchem, A2005))
or control antibodies for 5 days. Supernatants were
harvested for cytokine analysis.

Tumor-infiltrating lymphocyte (TIL) assay

Fresh tumor resections were obtained from cancer
patients (all patients provided written informed
consent), collected in transport medium (Supplemen-
tary Methods) and kept on ice until further processing.
Specimens were washed three times in wash medium
(online supplemental methods), cut into pieces of
about 1-2 mm® and used for TIL expansion. The pieces
were transferred to a 24-well plate (VWR international,
734-1604) at two pieces per well in 1 mL TIL medium
(Supplementary Methods) and incubated with DuoBody-
CD40x4-1BB or control antibodies in the presence of
10 U/mL IL-2. Fresh medium supplemented with anti-
body was supplied as appropriate. After 10-15 days, TIL
numbers were analyzed by flow cytometry and quantified
using reference beads. In addition, TILs pooled from
individual wells by treatment condition were subjected
to TCR sequencing.
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Clinical study

In the ongoing firstin-human clinical study (regis-
tered on https://www.clinicaltrials.gov by identifier
NCT04083599) escalating doses of DuoBody-CD40x4-1BB
were administered intravenously.

Statistical analysis

Statistical significance was determined using Mann-
Whitney U test for pairwise comparisons and Friedman
test with Dunn’s multiple comparisons test or one-way
analysis of variance with Dunnett’s multiple comparisons
test, as indicated in the figure legends.

RESULTS

Generation of DuoBody-CD40x4-1BB and target binding
characteristics

To evaluate the immunostimulatory potential of
targeting CD40 and 4-1BB with a bsAb, we generated
DuoBody-CD40x4-1BB by controlled Fab-arm exchange
(figure 1A). The L234F, L235E and D265A mutations,
which have previously been shown to limit binding to
FcyRI, FcyRII and FcyRIII and complement component
C1q,” were introduced to avoid CD40 or 4-1BB clustering
and activation through Clg-mediated and FcyR-mediated
crosslinking of target-bound antibody. We confirmed lack
of binding of DuoBody-CD40x4-1BB to FcyRIIa, FcyRIIb
and FcyRIII (online supplemental figure S1A). Thereby,
the bsAb was designed to induce 4-1BB agonist activity
exclusively on simultaneous binding to CD40 and vice
versa.

DuoBody-CD40x4-1BB bound to recombinant human
CD40 and 4-1BB with affinities of 1.0 nM and 0.17 nM,
respectively (online supplemental table S1 and figure
S1B,C). The CD40-specific and 4-1BB-specific Fab arms of
DuoBody-CD40x4-1BB showed dose-dependent binding
to primary human B cells and activated T cells, respec-
tively (online supplemental figure S1D,E). Binding to
cell membrane-associated targets was confirmed using
cell lines transfected with either human CD40 or human
4-1BB (online supplemental figure S1F,G).

DuoBody-CD40x4-1BB reinforces the immunological synapse
As DuoBody-CD40x4-1BB efficiently bound CD40 and
4-1BBindividually,we nextaddressed the question whether
it could promote cell-cell interactions by simultaneously
binding both targets. To this end, we analyzed cell-cell
interactions in the presence of DuoBody-CD40x4-1BB or
monovalent control bsAbs comprised of a CD40 or 4-1BB
binding Fab arm and a non-binding Fab arm (bsAb-
CD40xctrl and bsAb-ctrlx4-1BB). DuoBody-CD40x4-1BB
fostered the formation of doublets of CD40-positive and
4-1BB-positive cells at a broad range of concentrations,
with maximal frequency of doublets between 0.1 and 10
pg/mL. The combination of monovalent antibodies did
not induce any doublet formation (figure 1B).

The effect of DuoBody-CD40x4-1BB on interactions
between monocyte-derived DCs and T cells was visualized

using fluorescence microscopy, using claudin 6 (CLDNG)
as a model antigen. We cocultured CD8" T cells elec-
troporated with a CLDN6-specific TCR with CLDNG6-
electroporated autologous DCs and assessed DC/T-cell
interactions over time by live-cell imaging. DuoBody-
CD40x4-1BB significantly promoted the formation of
DC/T-cell clusters and prolonged the duration of the
DC/T-cell interactions, compared with the combination
of monovalent control bsAbs (figure 1C-E). Importantly,
the effect on cluster formation required TCR recognition
of cognate antigen, as it was not observed when mock-
electroporated DCs were used.

We confirmed enhanced DC/T-cell interactions in the
presence of DuoBody-CD40x4-1BB using immunofluo-
rescence in a modified experimental setup, where CD8"
T cells were preactivated by stimulation with anti-CD3/
anti-CD28 coated microbeads before coculture with DCs
(online supplemental figure S2A). DuoBody-CD40x4-1BB
induced significantly higher frequencies of DC/T-
cell interactions compared with monovalent control
bsAbs or a combination thereof (online supplemental
figure S2B,C). Further analyses showed that DuoBody-
CD40x4-1BB preferentially localized to the DC/T-cell
interface, whereas the monovalent control bsAbs showed
a less focused localization pattern on the cell surface
(figure 1F-G). In addition, DuoBody-CD40x4-1BB colo-
calized with leukocyte functional antigen 1 (LFA-1), a
marker of the immunological synapse between T cells and
APCs,26 whereas colocalization of control antibodies with
LFA-1 was limited (figure 1F-H and online supplemental
figure S2D,E). Taken together, these results showed that
DuoBody-CD40x4-1BB reinforces the immunological
synapse by crosslinking both targets, thereby enhancing
interactions between DCs and T cells.

DuoBody-CD40x4-1BB exhibits conditional agonist activity

Next, we performed studies using cell-based reporter
assays to evaluate the effect of target crosslinking on
receptor activation. We assessed CD40 agonist activity
using a U20S reporter cell line that expresses an NF-xB-
driven luciferase reporter. In this cell line, DuoBody-
CD40x4-1BB induced robust activation of reporter
luminescence, whereas monospecific control bsAbs had
no effect (figure 2A). Importantly, CD40 downstream
signaling and reporter activation only occurred in cocul-
ture with 4-1BB-transgenic cells, demonstrating that CD40
agonist activity was conditional, that is, dependent on
crosslinking to 4-1BB. Conditional CD40 agonist activity
was confirmed in a primary human B-cell assay, where
DuoBody-CD40x4-1BB dose-dependently increased the
percentage of B cells expressing activation markers CD86"
and CD69" only on coculture with 4-1BB-transduced cells
(figure 2B). We next used 4-1BB-expressing Jurkat cells
harboring an NF-kB reporter construct to investigate
4-1BB agonist activity. DuoBody-CD40x4-1BB induced
reporter activity in the Jurkat cells only in the presence
of CD40-expressing cells (figure 2C). As before, reporter
activity in the presence of CD40-expressing cells was not
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Figure 1 DuoBody-CD40x4-1BB reinforces the immunological synapse through target crosslinking. (A) Generation of
DuoBody-CD40x4-1BB by cFAE of Fc-silenced mAb-CD40 and mAb-4-1BB. The parental antibodies contain matched
mutations in the CH3 domain (F405L/K409R) that drive heterodimerization of the Fab arms and formation of bispecific
molecules during cFAE, as well as Fc-silencing mutations (L234F, L235E and D265A) that abrogate binding to FcyR and C1q. (B)
Simultaneous binding of DuoBody-CD40x4-1BB to human CD40-transgenic K562 cells labeled with CellTrace Violet and human
4-1BB-transgenic K562 cells labeled with CellTrace FarRed was analyzed by flow cytometry. Double-positive doublets were
quantified as percentage within the live cell population (mean+SD; triplicate wells). (C-E) T cells electroporated with a CLDN6-
specific TCR were cocultured with CLDN6-electroporated or mock-electroporated autologous iDCs in the presence of 0.125
pg/mL DuoBody-CD40x4-1BB or control antibodies, and T-cell/iDC clusters were visualized over time by live-cell imaging.
Quantification of the number of T cells in contact with a given DC over time (C), or on average (D), as well as the duration
of these DC/T-cell clusters (E) is shown. Error bars represent SD. ****P<0.0001; ***p<0.001; one-way ANOVA with Dunnett’s
multiple comparisons test (D). ****P<0.0001; Mann-Whitney test (E). (F) Single Z plane of merged brightfield and fluorescent
image of iDC cocultured with preactivated CD8" T cells in the presence of Alexa Fluor 647-conjugated DuoBody-CD40x4-1BB
(magenta)and LFA-1 (in green) antibodies, on the x and y axes the z-stack of the same picture with the relative zoom in. Nuclei
were counterstained with Hoechst (in blue). (G) Representative fluorescent images of cocultures as in (E), in the presence of
DuoBody-CD40x4-1BB or control antibodies. The white dashed line represents the interface between the DC and T cell. Scale
bars: 10 ym. (H) LUT profile of LFA-1 and DuoBody-CD40x4-1BB or the combination of bsAb-CD40xctrl and bsAb-ctrix4-1BB
at the DC-T-cell interface, indicated by the white dashed line. ANOVA, analysis of variance; cFAE, controlled Fab-arm exchange;
iDC, immature dendritic cell; LFA-1, leukocyte functional antigen 1; LUT, look-up table.

observed when monospecific control bsAbs were used.
These results show that DuoBody-CD40x4-1BB exhibits
conditional CD40 and 4-1BB agonist activity that is depen-
dent on crosslinking of both targets.

DuoBody-CD40x4-1BB induces DC maturation in vitro
To further explore the immunostimulatory effect
of DuoBody-CD40x4-1BB on a functional level, we

analyzed DC maturation in MLR. To this end, we cocul-
tured human monocyte-derived immature DCs (iDCs)
with allogeneic naive CDS8" T cells in the presence of
DuoBody-CD40x4-1BB or control antibodies. DuoBody-
CD40x4-1BB induced DC maturation at 0.01-10 pg/
mL, as shown by the increased percentage of HLA-
DR’/CD86" DCs (figure 3). DC maturation induced by
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flow cytometry. Data shown are mean percentages of CD69* or CD86" B cells from one representative donor (n=3). Error bars
represent SD. (C) 4-1BB bioluminescent cell-based reporter assay in the absence or presence of CD40-expressing K562 cells.
Fold luminescence-induction of cells incubated with DuoBody-CD40x4-1BB or control antibodies, compared with treatment

control (isotype control antibody or media only) is shown. Erro

DuoBody-CD40x4-1BB was dependent on binding to
both targets, as reflected by the lack of DC maturation
induced by the combination of monovalent control
bsAbs. Moreover, our results demonstrate that DuoBody-
CD40x4-1BB, which has a functionally inert Fc domain,
functions independent of FcyR mediated crosslinking. By
contrast, Fc-inert analogs of clinical mAbs mitazalimab

r bars represent SD. RLU, relative luminescence units.

(targeting CD40) or urelumab (targeting 4-1BB) induced
no or limited DC maturation.

DuoBody-CD40x4-1BB enhances T-cell activation in vitro

We next addressed immunostimulation of T cells through
4-1BB agonist activity of DuoBody-CD40x4-1BB. T-cell
proliferation was analyzed in anti-CD3 stimulated PBMCs
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(polyclonal assay) or cocultures of CLDN6-electroporated
autologous iDCs and CLDN6-TCR" CD8" T cells (antigen-
specific assay). DuoBody-CD40x4-1BB  significantly
enhanced proliferation of activated CD8" T cells in both
the polyclonal (figure 4A) and antigen-specific setting
(figure 4B). The enhanced T-cell proliferation induced
by DuoBody-CD40x4-1BB was conditional, as none of
the monospecific CD40-targeting or 4-1BB-targeting
antibodies, either alone or in combination, affected
T-cell proliferation. Similarly, DuoBody-CD40x4-1BB also
conditionally enhanced proliferation of anti-CD3 stimu-
lated CD4" T cells, although to a lesser extent compared
with CD8" T cells (online supplemental figure S3A).
Importantly, DuoBody-CD40x4-1BB specifically induced
proliferation in activated T cells, as no effect on prolifera-
tion of CD8" or CD4" T cells was observed in the absence
of anti-CD3 or cognate antigen stimulation. CD8" T-cell
proliferation induced by DuoBody-CD40x4-1BB was
dose-dependent, with EC,; values in the picomolar range
for both the polyclonal (124+49 pM; figure 4C) and the
antigen-specific assay (55+11 pM; figure 4D).

We further explored the effect of DuoBody-CD40x4-1BB
on T-cell effector functions, such as cytokine secretion
and cytotoxic activity. In both the polyclonal and antigen-
specific assays, DuoBody-CD40x4-1BB augmented the
secretion of IFN-y and TNF-o0 in a dose-dependent
manner (figure 4E and online supplemental figure S3B).
Increased cytokine secretion was again dependent on
target crosslinking, as monospecific control antibodies
did not lead to an increase even when combined. In
MLRs of iDCs and CD8" T cells, treatment with DuoBody-
CD40x4-1BB also led to a substantial increase of IFN-y,
which was dependent on target crosslinking, increased
compared with a mitazalimab analog and increased
at lower concentrations of DuoBody-CD40x4-1BB
compared with a urelumab analog (online supplemental

figure S3C). Similarly, when LPS-matured DCs were used
for the MLR, DuoBody-CD40x4-1BB treatment led to a
dose-dependent increase of IFN-y (online supplemental
figure S3D).

The capacity of DuoBody-CD40x4-1BB to enhance
CD8" T=cell cytotoxic activity was evaluated by intracellular
staining of cytotoxicity-associated molecules, using the
CLDNG6 model antigen and K562 cells stably expressing
CD40. The percentage of CLDN6-specific CD8" T cells
expressing cytotoxic molecule GzmB and the degranu-
lation marker CD107a was significantly increased after
co-culture with CLDNG6-electroporated K562_CD40 cells,
along with a concurrentincrease of IFN-y" cells (figure 4F).
Expression of GzmB and CD107a was also increased on a
per-cell level (figure 4G). Both the increase in frequency
and intensity were dependent on simultaneous engage-
ment of both targets, as the expression levels of GzmB
and CD107a after exposure to a combination of mono-
specific control antibodies was comparable to the isotype
control. Taken together, these findings demonstrated
that DuoBody-CD40x4-1BB enhances T-cell activation,
cytokine secretion and cytotoxicity through conditional
4-1BB agonist activity.

DuoBody-CD40x4-1BB enhances tumor-infiltrating

lymphocyte expansion ex vivo

As DuoBody-CD40x4-1BB had a profound effect on the
activation and function of healthy donor PBMC-derived
T cells, we next addressed the question whether it could
also improve the expansion of TILs from patient-derived
tissues. To investigate this, we cultured fragments of
tumor that had been resected from three patients with
non-small cell lung cancer (NSCLC) and a patient with
colon cancer in the presence of low-dose IL-2. In all cases,
formation of TIL microclusters was observed in cultures
treated with DuoBody-CD40x4-1BB (or a non-humanized
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Figure 4 DuoBody-CD40x4-1BB enhances T-cell activation in vitro. (A) CFSE-labeled human PBMCs were stimulated with
0.03 pg/mL anti-CD3 and incubated with DuoBody-CD40x4-1BB or control antibodies (0.2 pg/mL) for 4 days. CFSE dilution

in CD8* T cells was analyzed by flow cytometry. Expansion index of individual donors and mean+SD (n=7) is shown. (B) CD8"

T cells were electroporated with RNA encoding an HLA-A2/CLDNB6-specific TCR, labeled with CFSE and cocultured with
autologous DCs electroporated with CLDN6-encoding RNA in presence of the DuoBody-CD40x4-1BB or control antibodies (0.2
pg/mL; for combination of control antibodies 0.2 pg/mL of both antibodies was added) for 4 days. Proliferation was measured
as described in (A). Expansion index of individual donors and mean+SD (n=9) is shown. **P<0.001; *p<0.05; Friedman test.
(C-D) Polyclonal (C) and antigen-specific T-cell proliferation assays (D) as described in A-B with increasing concentrations

of DuoBody-CD40x4-1BB or isotype control antibody. Data shown are mean expansion index (+SD) of triplicate wells of one
representative donor (n=12 for polyclonal assay, n=5 for antigen-specific assay). (E) Cytokine concentrations in supernatant
taken after 48 hours from cultures as described in A-B. Data shown are mean concentration +SD of triplicate wells from

one representative donor (n=3 for polyclonal assay, n=5 for antigen-specific assay). (F-G) CD8" T cells electroporated with

a CLDNB6-specific TCR were cocultured with CLDN6-expressing K562 cells for 48 hours. The percentage of IFN-y* cells or
GzmB*CD107a* cells (F), and expression levels of GzmB and CD107a normalized to the isotype control (G) were analyzed

by flow cytometry. Data from individual donors and mean+SD (n=8) are shown. ***P<0.001; **p<0.01; One-way ANOVA with
Dunnett’s multiple comparisons test (F) or paired t-test (G). ANOVA, analysis of variance; CFSE, carboxyfluorescein succinimidyl
ester; DC, dendritic cell; IFN, interferon; PBMC, peripheral blood mononuclear cell.

DuoBody-CD40x4-1BB variant), but not control cultures, from one of the patients with NSCLC. TCR B sequencing
within 3-10 days after culture initiation (online supple-  showed specific expansion of T-ell clonotypes in
mental figure S4A). Accordingly, flow cytometry analysis TIL cultures treated with a non-humanized variant of
after 2weeks of culture showed that DuoBody-CD40x4-1BB DuoBody-CD40x4-1BB (figure 5E). T cells that were
treatment led to a dose-dependent expansion of bulk TILs expanded by the non-humanized variant of DuoBody-
in all specimens (figure 5A-D). Numbers of CD8" T cells ~ CD40x4-1BB included clonotypes that were abundantly
were significantly increased within DuoBody-CD40x4-  prevalent in fragments of the resected tissue, as well as
1BB-treated TILs at concentrations >0.05 pg/mL in one  initially underrepresented clonotypes (online supple-
colon and two out of three NSCLC specimens, whereas  mental figure S4B). Taken together, these data indicate
on treatment with CD40 monospecific control antibodies that DuoBody-CD40x4-1BB is capable of inducing expan-
changes were not significant. Furthermore, in the TIL  sion of TILs from primary tumor tissue and may result in
cultures that were derived from the patients with NSCLC, an enrichment of specific CD8" T=cell clonotypes.
NK cells were also significantly increased at concentra-
tions 20.05 pg/mL. While there was a trend of increased ~ Combination of DuoBody-CD40x4-1BB with PD-1 blockade
CD4" T-cell expansion in three out of four specimens, the further amplifies the immune response in vitro
difference was not statistically significant when compared = Blockade of PD-L1/PD-1 signals and conditional 4-1BB
with control cultures. agonist activity may synergize to enhance T-cell effector
We performed sequencing of TCR B-chains to compare  functions and antitumor immunity. Using an mDC/CD8"
the abundance of individual TCR clonotypes in the  T-cellMLRassay,weshowed thatconcurrenttreatmentwith
expanded TILs and fragments in a specimen derived  DuoBody-CD40x4-1BB and pembrolizumab potentiated
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Figure 5 DuoBody-CD40x4-1BB enhances TIL expansion. Tumor tissues resected from patients were cut into pieces of 1-2
mm?® and cultured in the presence of IL-2 (10 U/mL) and DuoBody-CD40x4-1BB (0.0008, 0.003, 0.0125, 0.05 or 0.2 pg/mL), a
non-humanized variant of DuoBody-CD40x4-1BB (0.01-1 pg/mL), control antibodies (0.2 pg/mL) or IL-2 only for 10-15 days.
(A-D) Cell numbers after expansion were determined by flow cytometry, and normalized to reference beads. Total TIL, CD8",
CD4" T-cell and NK-cell numbers are shown for a patient with colon cancer (A) and three patients with NSCLC (B-D) *p<0.05.
One-way ANOVA with Dunnett’s multiple comparisons test. (E) TCR repertoire analysis was performed by TRB RNA sequencing
of TIL expanded in (D), in the presence of a non-humanized variant of DuoBody-CD40x4-1BB (0.1 ug/mL) or IL-2 only.
Cumulative frequency of shared clonotypes, the 20 most abundant clonotypes in the DuoBody-CD40x4-1BB-treated cultures
are shown. ANOVA, analysis of variance; NK, natural killer; NSCLC, non-small cell lung cancer; TCR, T-cell receptor; TIL, tumor-
infiltrating lymphocyte.
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IFN-y, TNF-0. and IL-2 production compared with either
compound alone (figure 6A, online supplemental figure
S5A). This effect was particularly pronounced in the case
of IL-2, given its negligible induction by either DuoBody-
CD40x4-1BB or pembrolizumab alone. Modulation of
targets by DuoBody-CD40x4-1BB treatment in both CD8"
T cells (figure 6B, online supplemental figure S5B) and
DCs (online supplemental figure S6) was confirmed by
flow cytometry. The observed increase in 4-1BB" CD8"
T cells and decrease of CD27" CD8" T cells induced by
DuoBody-CD40x4-1BB were further potentiated by the
combination with pembrolizumab (figure 6B, online
supplemental figure S5B).

To further substantiate these findings, we used the
CLDNG6-specific coculture assay to evaluate T-cell prolif-
eration in vitro. In this setting, DuoBody-CD40x4-1BB
or pembrolizumab alone moderately enhanced prolifer-
ation (figure 6C). The combination of both agents led
to a marked increase in proliferation, even at DuoBody-
CD40x4-1BB concentrations that only marginally affected
proliferation as a single agent. Together, these data
suggest that the combination of DuoBody-CD40x4-1BB
with PD-L1/PD-1 blocking antibodies can amplify the
magnitude of the immune response.

DuoBody-CD40x4-1BB demonstrated clear peripheral immune
modulation in patients with advanced solid tumors

We next evaluated peripheral immune modulation in
blood samples from patients with advanced solid tumors
that were treated with DuoBody-CD40x4-1BB in the
dose-escalation phase of the firstin-human clinical trial
(NCT04083599). Combined data from patients treated
at dose levels of 30 mg or higher showed that DuoBody-
CD40x4-1BB induced a transient increase in peripheral
IFNy and thymusregulated and activation-regulated
chemokine (TARC; CCL17), which peaked on Day 8
after infusion (figure 7A). Furthermore, DuoBody-
CD40x4-1BB induced a gradual decrease in absolute
peripheral B-cell counts until Cycle 1 Day 8, indicative
of B-cell trafficking (figure 7B). This was reciprocated
by a gradual increase in the percentage CD86" B cells
in the remaining peripheral B-cell population, indica-
tive of B-cell activation (figure 7B). Finally, a transient
increase in the percentage of Ki67" total and effector
memory CD8" T cells was observed on Cycle 1 Day 8
(figure 7C). All modulated pharmacodynamics returned
to baseline levels prior to administration of the second
dose of DuoBody-CD40x4-1BB. Collectively, these obser-
vations are in agreement with the proposed mechanism
of action (MoA), preclinical proof-of-concept results and
support the biological activity of DuoBody-CD40x4-1BB
in patients with advanced solid tumors.

DISCUSSION

Here, we report preclinical characterization of the MoA
of DuoBody-CD40x4-1BB, a novel bsAb developed for
the treatment of patients with advanced solid tumors.

DuoBody-CD40x4-1BB exhibits conditional CD40 and
4-1BB agonist activity by simultaneous binding to CD40"
APCs and 4-1BB' T cells. Crosslinking of both targets is
essential for CD40 and 4-1BB agonist activity, as FcyR-
mediated crosslinking of target-bound antibodies is absent
by design. By this unique MoA, DuoBody-CD40x4-1BB
induces DC maturation and enhances activation, prolif-
eration and effector functions of human T cells in vitro
and promotes TIL expansion ex vivo. In agreement with
this preclinical MoA, DuoBody-CD40x4-1BB mediates
clear immune modulation of peripheral APCs and T cells
in patients with advanced solid tumors. These findings
demonstrate that targeting of these two pathways with an
Fc-inert bsAb may be an efficacious approach to (re)acti-
vate tumor-specific immunity.

The rationale for developing DuoBody-CD40x4-1BB
was based on the simultaneous targeting of preclinically
validated targets that have shown encouraging clinical
activity, despite some limitations. While initial mono-
therapy response rates of >20% were observed in mela-
noma patients in clinical trials of CD40 agonistic mAbs,
these response rates could not be confirmed in subse-
quent trials, and response rates were low in nonmel-
anoma patients with solid tumors.® Similarly, clinical
responses to 4-1BB agonistic mAbs at safe dose levels have
been limited, although clinical responses for urelumab
at dose levels that were not well-tolerated support the
potential benefit of 4-1BB agonists.” Current clinical
strategy for both targets has shifted to exploring various
combinations of these agonists with other classes of thera-
peutic agents, including CPI and chemotherapy. Preclin-
ical evidence suggests that while single agent activity is
observed in some models, antitumor activity of CD40
agonists is often dependent on CD8' T cells.””* Further-
more, a 4-1BB-specific monoclonal antibody promotes
the generation of tumor-specific immune responses by
direct activation of CD8" T cells in a CD40-dependent
manner.”’ Therefore, agonist immunotherapies that
enhance CD8" T-cell responses through concomitant
CD40 and 4-1BB stimulation may represent a promising
strategy to further promote priming and expansion of
antitumor immunity.

The FcyR crosslinking-independent bispecific approach
presents the advantage that agonist activity is redirected
to areas with enhanced expression of both targets, such as
tumors and associated lymphoid tissues. Within the TME,
4-1BB is expressed by a CD8" T-cell subset that is enriched
for tumor antigen-specific cells.”** CD40 expression has
been reported in many solid tumor indications, either
on tumor-infiltrating DCs or on cancer cells,*™ which
can provide the required crosslinking for DuoBody-
CD40x4-1BB. In addition to intratumoral activity, we
hypothesize that the tumor-draining lymph node is an
important site of action for DuoBody-CD40x4-1BB to
enhance T-cell activation, due to the presentation of
tumor antigens by CD40" APCs to 4-1BB" T cells. Our find-
ings support this hypothesis as conditional 4-1BB agonist
activity critically depends on previous TCR stimulation.
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Figure 6 Combination of DuoBody-CD40x4-1BB with pembrolizumab amplifies the magnitude of the immune response. (A,B)
Purified CD8" T cells from healthy donors were cocultured with LPS-matured allogeneic DCs in the presence of DuoBody-
CD40x4-1BB, research-grade pembrolizumab (either alone or in combination (concurrent treatment)) or control antibodies for
5 days. (A) Cytokine concentrations in supernatant taken after 5 days of culture in the presence of indicated antibodies. Data
shown are mean concentration+SD of duplicate wells from one representative donor pair (donor pair two is shown in online
supplemental figure 5). Dashed line indicates cocultures that were not treated with antibody (No Tx). (B) The percentage of 4-
1BB* CD8* T cells and CD27* CD8* T cells was measured by flow cytometry. Data shown are the percentage of positive cells
within the total CD8* T-cell population from one representative donor pair (donor pair two is shown in online supplemental figure
5). Dashed line indicates cocultures on Day 0 (before antibodies were added to the treated cocultures) and cocultures that
were not treated with antibody at Day 5 of the MLR assay (No Tx). (C) CD8" T cells were electroporated with RNA encoding an
HLA-A2/CLDN6-specific TCR and PD-1, labeled with CFSE and cocultured with autologous DCs electroporated with CLDNG-
encoding RNA in presence of the DuoBody-CD40x4-1BB (0.0022, 0.0067 or 0.2 ug/mL), IgG1 isotype control (0.8 ug/mL),
clinical-grade pembrolizumab (0.8 pg/mL) or combinations thereof for 5 days. CFSE dilution in CD8" T cells was analyzed by
flow cytometry. Mean expansion index+SD (n=4) is shown. Dashed line indicates CD8" T cells that were cocultured with DCs
that were not electroporated with CLDNG in the presence of the IgG1 isotype control antibody as negative control. CFSE,
carboxyfluorescein succinimidyl ester; DC, dendritic cell; LPS, lipopolysaccharide; TCR, T-cell receptor.
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Figure 7 DuoBody-CD40x4-1BB mediates broad immune modulation of peripheral APCs and T cells in patients. Patients with
advanced solid tumors were treated with DuoBody-CD40x4-1BB in a first-in-human clinical trial (NCT04083599). Data shown
are preliminary data from the dose-escalation phase of the ongoing study from patients treated with 30 mg or higher doses of
DuoBody-CD40x4-1BB (cut-off date: 20 August 2021). Blood samples were collected on the indicated time points and analyzed
for cytokines and immune cell subsets. For each parameter, the mean fold change compared with Cycle 1 Day 1 predose is
shown. Numbers in the top right corners denote the number of patients that were included for each parameter. (A) Mean fold
change+SEM of IFN-y and TARC compared with Cycle 1 Day 1 predose. (B) Mean fold change+SEM of absolute CD19" B-cell
counts (cells/pL; calculated using the following formula: (B cells (event count)/leukocytes (event count)*LEUKOCYTES (103
cells/uL))*1000) and the percentage of CD86" B cells within the CD19* B-cell population compared with Cycle 1 Day 1 predose.
C. Mean fold change+SEM of the percentage of CD8"Ki67* T cells within the CD8" T-cell population and CD8* Ki67* effector
memory T cells within the CD8*CD45RA CCR7" effector memory T-cell population compared with Cycle 1 Day 1 predose. APC,

antigen presenting cell; IFN, interferon.

Therefore, only recently primed T cells can be targeted
by this means.

Targeting DCs has attracted high interest for cancer
immunotherapy, owing to their central role in orches-
trating anti-tumor immunity by priming tumor-specific T
cells in tumor-associated LNs."” DC-targeting agents that
are currently in clinical use include Toll-like receptor
agonists, tumor-associated antigen vaccines and immuno-
stimulatory cytokines. These agents primarily act by mobi-
lizing and activating DCs, which subsequently enhances
tumor-specific T-cell responses.*” CD40 agonists improve
tumor-specific T-cell immunity independently of innate
immune receptors by inducing DC maturation and secre-
tion of proinflammatory cytokines.27 e Accordingly,
antitumor activity of CD40 agonist immunotherapy criti-
cally depends on cross-presenting DCs and CD8' T cells in
preclinical models. 282 4 Indeed, we show that DuoBody-
CD40x4-1BB enhanced DC maturation through cross-
linking with CD8" T cells in the absence of exogenous

innate immune stimuli. The use of a bispecific anti-
body could be advantageous in this context, as it directs
CD40 agonist activity to areas of T-cell activation, that is,
areas with activation-induced 4-1BB expression, thereby
providing a more focused stimulus for DC maturation.