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The CD40 agonist HERA-CD40L
results in enhanced activation of
antigen presenting cells,
promoting an anti-tumor

effect alone and in combination
with radiotherapy

Jamie Frankish'*, Debayan Mukherjee?, Erminia Romano?,
Katharina Billian-Frey", Matthias Schréder, Karl Heinonen™,
Christian Merz*, Mauricio Redondo Muiller, Christian Gieffers®,
Oliver Hill*, Meinolf Thiemann™, Jamie Honeychurch?,

Tim lllidge® and Jaromir Sykora®

tApogenix AG, Heidelberg, Germany, 2Targeted Therapy Group, Division of Cancer Sciences, Faculty
of Biology Medicine and Health, The University of Manchester, Manchester, United Kingdom

Introduction: The ability to modulate and enhance the anti-tumor immune
responses is critical in developing novel therapies in cancer. The Tumor Necrosis
Factor (TNF) Receptor Super Family (TNFRSF) are potentially excellent targets for
modulation which result in specific anti-tumor immune responses. CD40 is a
member of the TNFRSF and several clinical therapies are under development.
CDA40 signaling plays a pivotal role in regulating the immune system from B cell
responses to myeloid cell driven activation of T cells. The CD40 signaling axis is
well characterized and here we compare next generation HERA-Ligands to
conventional monoclonal antibody based immune modulation for the
treatment of cancer.

Methods & results: HERA-CD40L is a novel molecule that targets CD40
mediated signal transduction and demonstrates a clear mode of action in
generating an activated receptor complex via recruitment of TRAFs, clAP1, and
HOIP, leading to TRAF2 phosphorylation and ultimately resulting in the enhanced
activation of key inflammatory/survival pathway and transcription factors such
asNFkB, AKT, p38, ERK1/2, INK, and STAT1 in dendritic cells. Furthermore, HERA-
CD40L demonstrated a strong modulation of the tumor microenvironment
(TME) via the increase in intratumoral CD8+ T cells and the functional switch
from pro-tumor macrophages (TAMs) to anti-tumor macrophages that together
results in a significant reduction of tumor growth in a CT26 mouse model.
Furthermore, radiotherapy which may have an immunosuppressive modulation
of the TME, was shown to have an immunostimulatory effect in combination with
HERA-CDA40L. Radiotherapy in combination with HERA-CD40L treatment
resulted in an increase in detected intratumoral CD4+/8+ T cells compared to
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RT alone and, additionally, the repolarization of TAMs was also observed,
resulting in an inhibition of tumor growth in a TRAMP-C1 mouse model.

Discussion: Taken together, HERA-CD4O0L resulted in activating signal
transduction mechanisms in dendritic cells, resulting in an increase in
intratumoral T cells and manipulation of the TME to be pro-inflammatory,
repolarizing M2 macrophages to M1, enhancing tumor control.

KEYWORDS

CD40, HERA-CD40L, TNFRSF, TRAF2, tumor micro environment (TME), antigen
presenting cells, anti-tumor responses, radiotherapy

1 Introduction

The ability to reinvigorate anti-tumor immune response has become
increasingly important in cancer following the breakthrough of immune
check-point inhibitors, which has led to the immune-oncology
“revolution” (1). The development of immunomodulatory agents in
cancer has resulted in a large increase in immune-targeted therapies (2).
Monoclonal antibodies are a major source of these modulation
approaches, and there are currently more than 3000 active clinical
trials evaluating T cell modulation in the immuno-oncology space,
which represents ~2/3 of all oncology trials (3, 4). Despite the
therapeutic breakthrough of the immune checkpoint inhibitors (ICI),
the overall response rate (ORR) across all cancer types is less than 20%.
This suggests that only the minority of patients are deriving clinical
benefit from ICI and that novel immunotherapeutic approaches are
required to further improve cancer outcomes.

An important family of genes in this regard is the TNF super
family (TNESF) and its cognate receptors (TNFRSF) (5, 6). While
many emerging therapies in the immuno-oncology (IO) field are
targeting the TNFRSF for the co-stimulation of naive T cells (7), there
are other members of the TNFRSF that have therapeutic value which
are not expressed on T cells, such as CD40 (8, 9). CD40 is a
transmembrane glycoprotein receptor and its agonistic ligand,
CD154 (henceforth CD40L), play a major role in many immune
related responses. The CD40-CD40L immune axis is primarily
associated with B cells and is important for the sustained
production of antibodies, antibody class switching, forming
germinal centers, and producing memory B cells (10, 11). Although
CD40 signaling plays a major role in B cell immunology, it is also an
important co-stimulatory molecule expressed on myeloid cells,
specifically all antigen presenting cells (APCs) (12). In addition to
hematopoietic cells, CD40 is expressed on non-hematopoietic cells,
including epithelial cells, endothelial cells and even cancer cells (13-
17). While CD40 is widely expressed, CD40L expression is primarily
associated with activated CD4" T cells (18), and the interaction of
these cells with CD40 expressing cells is vital in shaping immune
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responses. It has been previously demonstrated that ligation of
CDA40L to CD40 expressed on dendritic cells (DCs) and other
APCs results in potent inflammatory responses and is important
for the induction of CD8" T cells and the activation of the adaptive
immune response (19, 20), which is especially important in anti-
tumor immunological responses. Given that CD40 provides a bridge
between innate immune cells and the initiation of adaptive immunity,
it represents an attractive target for drug development and several
CD40 focused targeted therapies have undergone clinical
development (8, 21). Among these candidates is Selicrelumab (also
referred to as CP-870,893 or RO7009789), which is a fully human
IgG2 monoclonal antibody (mAb) and is reported to have high
potency. It has been postulated that this potency, alongside other
mAb based therapies, is reliant on FcyR crosslinking. FcyR
crosslinking causes complement dependent cytotoxicity (CDC) and
antibody-dependent cell-mediated cytotoxicity (ADCC) and, while
this may be the desired effect for some mAbs, as is the case for the
treatment of chronic lymphocytic lymphoma (lucatumumab) or B
cell lymphomas (Rituximab), it is not thought to be the desired effect
for the agonism of TNFRSF. TNFRSF primarily co-stimulate the
activation of pro-inflammatory transcription factors on target effector
cells, such as NFkB (21). Agonistic approaches such as this have been
proven to be an effective therapeutic approach, as demonstrated by
completed and on-going clinical trials directly targeting the co-
stimulation of T-cells, or indirectly, leading to their activation (22).
The hexavalent TNF receptor agonist (HERA) ligands (21, 23-
27) comprises of two trivalent but single-chain TNFSF-receptor
binding domains linked to a silenced Fc-domain. This engineering
approach produces an antibody-like molecule that is not reliant on
FcyR crosslinking, and has the capacity to induce true agonism of
TNERSF, such as CD40, via defined receptor clustering of up to 6
receptors per molecule in order to induce signal transduction, in
contrast to the bivalent capacity of mAbs. Another source of major
therapy in cancer is radiotherapy, which is delivered in
approximately half of all cancer patients and known to have an
immunoregulatory effect. Due to this well documented immune-
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reaction we investigated whether radiotherapy in combination with
HERA-CD40L was able to further enhance or synergize the anti-
tumor responses in two syngeneic mouse models of cancer.

2 Materials and methods

2.1 Engineering, expression and
purification of HERA-CD40L, mmHERA-
CD40L and Selicrelumab

Engineering, expression and purification of HERA-CD40L and
mmHERA-CD40L was performed as described in (23). Selicrelumab
was produced employing the same set of methods. The Selicrelumab
sequence was retrieved from patent literature (US8388971B2; heavy
chain SEQ-ID NO: 46; light chain SEQ-ID NO: 48).

2.2 In vitro biological activity of
CD40 agonists

We evaluated CD40 signaling in vitro following treatment with
HERA-CD40L or a clinical benchmark anti-human CD40
monoclonal antibody (Selicrelumab) by measuring luciferase
activity in a CD40-specific cell-based bioassay (NFkB-luc2/CD40
Jurkat cell bioassay, Promega GmbH). NF«B-luc2/CD40-expressing
Jurkat cells were plated in a 96-well plate and incubated briefly at 37°
C prior to addition of the indicated concentrations of HERA-CD40L,
or anti-CD40 monoclonal antibody. The luciferase assay reagent was
added and luminescence (RLU) was measured (Tecan Infinite F500).
Cross-linking (X-Link) was achieved by adding equal amounts
(titration starting at 2000 ng/ml) of rabbit-anti-human IgG Fc
Dianova (Cat. No. 309-005-008).

2.3 Monocyte isolation, dendritic cell and
macrophage culture

Monocytes were isolated from PBMCs derived from human bufty
coat using negative selection (EasySep Human Monocytes Isolation
Kit #19359, Stemcell). For the generation of immature dendritic cells
(iDCs), isolated monocytes were cultured in RPMI 1640 medium
supplemented with 10% FBS, penicillin (100 U/ml) and streptomycin
(100 pg/ml) with the addition of GM-CSF for 3 days (25 ng/ml), then
GM-CSF (25 ng/ml) plus IL-4 (25 ng/ml) for an additional 3 days.
For the generation of macrophages, isolated monocytes were cultured
in RPMI 1640 medium supplemented with 10% FBS, penicillin (100
U/ml) and streptomycin (100 pg/ml) and either treated with GM-
CSF (80 ng/ml) for 7 days and on day 7 treated with IFN7y (20 ng/ml)
and LPS (10 ng/ml) overnight for M1 polarized macrophages, or
treated with M-CSF (20 ng/ml) for 7 days and on day 7 treated with
LIF and IL-6 (20 ng/ml respectively) overnight for M2d macrophages.

2.4 Stimulation of iDCs and lysis for
western blot analysis

Cells were stimulated at the indicated time points with HERA-
CD40L and Selicrelumab (100 ng/ml or 500 ng/ml). Stimulation was
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halted with ice-cold PBS. Cells were washed (2x) with ice-cold PBS
and were lysed in RIPA lysis and extraction buffer (ThermoFisher,
Cat. No. 89901) and PMSF (Cell Signaling Cat. No. 8553)
supplemented with Protease Inhibitor (cOmpleteTM, Mini, EDTA-
free Protease Inhibitor Cocktail Sigma-Aldrich, Cat. No.
04693159001) and Phosphatase Inhibitor (PhosSTOP, Sigma-
Aldrich, Cat. No. 04906837001) for 30 mins on ice with agitation.
Samples were then centrifuged at 13,000 RPM. Samples were treated
with NuPage Sample Buffer (Life Technologies, Cat. No. NP0007)
and supplemented with 1 pl of benzonase (Milipore Cat. No. 70746-
3) to degrade any presence of nucleic acid prior to denaturation at 98°
C for 5 mins. Following SDS-PAGE of up to 12 ug of sample protein
(NuPAGETM 4-12%, Bis-Tris, Cat. No. NP0322PK2), samples were
transferred to nitrocellulose membranes (BioRad Cat. No. 170-4270)
and blocked with either 5% BSA in PBS with 0.1% Tween-20 (for
phospho-proteins) or 10% milk in PBS with 0.1% Tween-20 for
probing with primary and secondary antibodies (see Supplementary
Table 1). Proteins were detected with electrochemiluminescence
(ECL spray, Biozym Cat. No. K-12049-D50) using a LI-COR C-
DiGit® Blot Scanner (LI-COR Biosciences GmbH, Germany). If
required, membranes were stripped using RevitaBlot stripping
buffer (Rockland, Cat. No. MB-085-0500).

2.5 Subcellular protein fractionation

iDCs were harvested and stimulated with HERA-CD40L or
Selicrelumab (100 ng/ml). Stimulation was halted with ice-cold PBS.
Cells were washed (2x) with ice-cold PBS. Subcellular fractions were
isolated using Mem-PER""" Plus Membrane Protein Extraction Kit
(ThermoFisher Scientific, Cat. No. 8942). Cytosolic proteins were
isolated using the aforementioned kit, then adding PMSF (Cell
Signaling Cat. No. 8553) supplemented with Protease Inhibitor
(cOmpleteTM, Mini, EDTA-free Protease Inhibitor Cocktail Sigma-
Aldrich, Cat. No. 04693159001) and Phosphatase Inhibitor
(PhosSTOP, Sigma-Aldrich, Cat. No. 04906837001). Samples were
incubated on ice for 10 mins with agitation, samples were then
centrifuged at 13,000 RPM for 10 mins and supernatant containing
cytosolic proteins was harvested. The pellet was washed with
permeabilization buffer and samples were resuspended in RIPA lysis
and extraction buffer (ThermoFisher scientific, Cat. No. 89901) with
PMSF (Cell Signaling Cat. No. 8553) supplemented with Protease
Inhibitor (cOmpleteTM, Mini, EDTA-free Protease Inhibitor Cocktail
Sigma-Aldrich, Cat. No. 04693159001) and Phosphatase Inhibitor
(PhosSTOP, Sigma-Aldrich, Cat. No. 04906837001). Samples were
incubated on ice with agitation for 10 mins and after centrifugation at
13,000 RPM, supernatant containing the membrane and nuclear soluble
fraction was harvested. The pellets were finally washed with
solubilization buffer and resuspended using ULTRARIPA kit (Abnova,
Cat. No. K6023) supplemented with Halt protease inhibitor
(ThermoFisher scientific, Cat. No.78430), Halt Phosphatase inhibitor
(ThermoFisher scientific, Cat. No0.78428), and PMSF (Cell Signaling Cat.
No. 8553), in addition to 1 pl benzonase (Millipore Cat. No. 70746-3).
Samples were then sonicated and vortexed and centrifuged at 13,000
RPM for 10 min. The supernatant containing the RIPA insoluble lipid
rafts, nuclear insoluble fraction, and bound nuclear chromatin was then
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treated with NuPAGE"™ Sample Buffer (Life technologies Cat. No.
NP0007) prior to SDS-PAGE (as described above).

2.6 Immunoprecipitation

Protein G Dynabeads (15 pl) (ThermoFisher, Cat. No. 10004D)
in PBS with Tween-20 (0.1%) were incubated with 5 g of goat-anti-
human IgG-Fc (ThermoFisher Cat. No. 31125; anti-human IgG-Fc
binds the Fc domain of Selicrelumab and HERA-CD40L) for 2 h
with rotation at 4°C. After binding of antibodies the beads were
washed 2x with PBS containing Tween-20 (0.1%). iDCs were
harvested 7 days after differentiation from isolated monocytes (as
described above and stimulation with the indicated treatments (500
ng/ml respectively). Stimulation was halted with ice cold PBS and
washed 2x in ice cold PBS. Cells were lysed for 30 mins on ice
without agitation with Cell Lysis Buffer (Cell signaling, Cat. No.
9803) supplemented with PMSF (Cell Signaling Cat. No. 8553),
Protease Inhibitor (cOmpleteTM, Mini, EDTA-free Protease
Inhibitor Cocktail Sigma-Aldrich, Cat. No. 04693159001) and
Phosphatase Inhibitor (PhosSTOP, Sigma-Aldrich, Cat. No.
04906837001). For negative controls, Selicrelumab or HERA-
CDA40L were added to the iDC lysate from non-stimulated cells.
After 15 min incubation on ice the lysates were used for
immunoprecipitation (IP). Samples were centrifuged at 13,000
RPM. Lysates were incubated with the prepared Dynabeads for 90
mins with rotation at 4°C. After IP, the supernatant was removed
and the beads were washed 5x with lysis bufter. Protein complexes
were released from the beads with 15 pl of 0.1 M Glycine bufter (pH
2.7) and subsequently with 15 pl of 2x SDS sample buffer. Samples
were then processed for SDS-PAGE and western blot analysis (as
described above). In some experiments, the lysates after 1°' IP (post
1P) were used for a 274 CD40 IP. In this case, the Dynabeads were
incubated with a commercially available mouse anti human CD40
antibody (clone G28.5, Bio X Cell, Cat No. BE0189R005MG).

IP of TRAF2 and TRAF6: Protein G Dynabeads were incubated
with mouse-anti-human TRAF2 (R&D Systems Cat. No.
MAB3277) or mouse-anti-human TRAF6 (R&D Systems Cat. No.
MAB3284-100). In order to inhibit the binding of the Fc part of
Selicrelumab or HERA-CD40L to the Protein G Dynabeads, 5 ug of
goat-anti-human IgG-F(ab), fragment (JacksonImmunoResearch
Cat. No. 109-006-008) was added to the lysates of non-stimulated
and Selicrelumab/HERA-CD40L stimulated iDCs.

2.7 Immature Dendritic cell intracellular
and surface FACS analysis

iDCs were harvested 7 days after differentiation from isolated
monocytes (as described above) and stimulation with the indicated
treatments (100 ng/ml respectively). Stimulation was halted with ice
cold PBS with 2% PFA for 20 mins for fixation and washed 2x in ice cold
PBS. Cells were permeabilized with PBS with 0.1% Saponin, 5% FBS and
human IgG (Gammunex-C, 10% IgG solution) or ice-cold methanol
(80%) (for intracellular phosphoproteins) for 30 mins. For the analysis of
cytokine expression, the iDCs were stimulated in presence of Monensin
(Biolegend Cat. No. 420701). Samples were washed 2x in PBS with 5%
FBS. Cells were then incubated with the indicated detection antibodies in
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washing buffer and measured with the Guava® easyCyteTM Flow
Cytometer for analysis in Flowjo (version 10).

2.8 Macrophage functional analysis

Human macrophages (M1/M2a/M2d) were stimulated with the
indicated treatments (100 ng/ml respectively on day 0, 3, and 6) and
were harvested on day 7 after differentiation from isolated monocytes
(as described above). For surface marker analysis, macrophages were
harvested and directly measured using BD FACS Celesta'™" Cell
Analyzer for analysis in Flowjo (version 10). For cytokine analysis,
macrophages were treated with 10 ng/ml LPS on day 7 overnight and
supernatants were harvested and measured using LEGENDPlex
multiplex assay (BD Biosciences, Cat. No. 740509). For
phagocytosis analysis, Jurkat cells were cultured in RPMI 1640
medium supplemented with 5% FBS, penicillin (100 U/ml) and
streptomycin (100 pg/ml) and first stained with Dil Stain (1,1-
Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate
(‘Dil’; DilCyg (3))) (Invitrogen, Cat. No. 11580276) prior to co-
culturing with differentiated macrophages (M1/M2d) on day 7 for 4
hours. Macrophages were then measured for Dil positivity using BD
FACS Celesta' ™" Cell Analyzer for analysis in Flowjo (version 10).

2.9 In vivo CT26 mouse model

For CT26 mice, in vivo mouse experiments were undertaken by
Heidelberg Pharma (Schriesheimer Str. 101, D-68526 Ladenburg). In
short, 7 weeks old female BALB/c mice were subcutaneously
inoculated with 5x10° CT26 W' tumor cells into their right flanks.
Animals were selected 14 days later according to tumor volume
(mean tumor volume 106.66 mm?) (day 0). Since human CD40L
does not bind to murine CD40, mice received either the fully murine
protein acting as a surrogate for the fully human HERA-CD40L
(denoted as mmHERA-CD40L) (10 mg/kg) or PBS by intravenous
(tail vein) injection on days 0, 3, 7 and 11. Tumor volume and body
weight were determined three times per week before group allocation
and twice per week afterwards. Tumor and spleen samples were
collected from each animal on the day of sacrifice and analyzed by
flow cytometry using BD FACS Celesta " Cell Analyzer for analysis
in Flowjo (version 10), and percentage of infiltrating CD8" were
calculated from total intratumoral cells. Tumor volume was
measured on days as indicated by caliper measurement and size
was calculated according to the equation: volume = W? x L x 0.5 (L=
length and W= perpendicular width of the tumor, L>W).

2.10 In vivo TRAMP-C1 mouse model

The TRAMP-CI1 prostate carcinoma cells were purchased from
ATCC and maintained in DMEM high glucose medium,
supplemented with 4 mM L-glutamine, 5% FBS, 5% Nu Serum
(Corning, Bedford), 0.005 mg/mL of bovine insulin, and 10 nM
dehydroisoandrosterone (Sigma, UK). All animal experiments using
the TRAMP-C1 tumor model were performed under United
Kingdom Home Office Licenses held at the CRUK Manchester
Institute, University of Manchester (PCC943F76). Prior to in vivo
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experiment, cells were screened for mycoplasma contamination and
mouse hepatitis virus (MHV) at the Molecular Biology Core Facility
(CRUK Manchester Institute). Mice were housed on a 12/12 light/
dark cycle and were given filtered water and fed ad libitum. C57BL/6
male mice (5-6 week old) were purchased from Envigo, UK. At 6-8
weeks old, male mice were subcutaneously injected with TRAMP-C1
cells (5x10%/mouse) and tumor volume was measured via a caliper
and calculated by using the formula W2 x L x 0.5 (L= length and W=
perpendicular width of the tumor, L>W). The tumors were
established approximately 5-6 weeks post implant and tumor
bearing mice were randomized to treatment group once the mean
tumor volume was at around 100 mm”.

Irradiation was performed using our previously described
method (28) or using the setup as described there forth. In brief,
tumor bearing mice were placed in a lead jig and shielded with just
the tumors exposed. Mice were treated with X-ray (XSTRAHL, UK)
top down operating at 50 KV, 10 mA with a 0.57 AL filter which
gave a dose rate of 1.15 Gy per minute. Dosimetry for X-Ray was
performed by the Christie Hospital Medical Physics regularly to
ensure correct dose rate was delivered to the tumor. Radiotherapy
was administered with a total dose of 24 Gy delivered over 3
fractions of 8 Gy over 3 consecutive days (0, 1, 2, respectively).
mmHERA-CD40L was administered intraperitoneally on days 2
(200 pg), 5 (100 pg), 9 (100 pg) and 12 (100 pg) per mouse. Anti-
PD-1 (clone RMP1-14; BioXCell, USA) antibody was administered
at 10mg/kg, 3 times per week over 2 week period as per the schema
(Figure 1A). A cohort of mice were culled on day 10 (after 3" dose
of mmHERA-CD40L), and the tumor sample harvested and cut
into half for ex vivo analysis using IHC and/or for flow cytometry.

2.11 Immunohistochemistry

Immunohistochemisty for CT26 tumor samples was performed
both, manually on the bench or on automated staining platform. For
immunohistochemistry (IHC), tissue samples were fixed in 4%
buffered formaldehyde and embedded in paraffin. Sections were cut
to 5 um thickness and dewaxed in xylol for 10 mins (3x), 100%
ethanol for 5 mins (2x), 96% ethanol for 5 mins, 90% ethanol for 5
mins, 70% ethanol for 5 mins, then washed with deionized H,O for 1
min and then 5 mins. Antigen demasking is dependent on the
primary antibody. Target retrieval solution pH 6.0 (DAKO Cat.
No. S1699) was used for F4/80 antibody and target retrieval
solution pH 9.0 (DAKO Cat. No. S2367) for CD8, CD163 and
CD40 antibodies. After cooling, samples were washed in PBS and
blocked with blocking solution (Zytomed, Cat. No. ZUC007-100).
After washing in PBS, samples were incubated with the indicated
primary antibody diluted in antibody diluent buffer (Zytomed, Cat.
No. ZUC025-100) for 60 mins at room temperature. For detection,
anti-rat polymer-AP (Zytomed Cat. No. RT518H) and anti-rabbit
polymer-AP (Zytomed Cat. No. ZUC031-006) were used and Liquid
permanent red (DAKO Cat. No. K0640) was employed as substrate
for alkaline phosphatase (AP). Samples were imaged using a Keyence
BZ-9000E Inverted fluorescence phase-contrast microscope.

For TRAMP-C1 tumor samples, the slides were deparaffinized
in xylene followed by rehydration in ethanol. Antigen retrieval was

Frontiers in Immunology

10.3389/fimmu.2023.1160116

performed using pH 6 citrate buffer, followed by 3% H,O, block.
Slides were incubated with 10% serum, prior to incubation with
primary antibody overnight at 4°C (Supplementary Table SI).
Primary antibody was detected with either HRP detection kit or
biotinylated secondary antibody followed by ABC detection kit
(Vector Labs, Burlingame, CA, USA). Slides were briefly incubated
in DAB substrate (Vector Labs), washed in water, and counter-
stained using haematoxylin. For multiplex staining of mouse FFPE
tumor sections, the opal TSA detection system (Opal 520%, 570®
and 650®) were applied to sections following manufacturer’s
instruction and run on Leica BOND Rx automated system.

2.12 Flow cytometry for ex vivo
tumor samples

For flow cytometry analysis, tumors were dissociated with a
gentle Macs Dissociator and a murine dissociation kit (Miltenyi
Biotec, 130-096-730), as per manufacturing instructions. The
dissociated cells were washed with 1% FBS in PBS buffer, and
incubated on ice for 30 minutes with anti-CD16/CD32 Fc
(ThermoFisher) to block any unspecific binding. Afterwards, cells
were incubated in a master mix solution of 1% FBS in PBS buffer
containing anti-CD45, anti-CD11b, anti-MHCII, anti-CD80, anti-
CD86, anti-CD163 and anti-CD206. For analysis, live cells were
gated using vital dye exclusion (L34963, ThermoFisher), and
population phenotyped on Fortessa (BD) and analyzed via FlowJo
software (version 10). Flow cytometry analysis for macrophages was
performed on live single cells gated as CD45+CD11b+ cells,
followed by the gating on each of the specific markers (i.e.: CD80,
MHCII, CD86, CD206, CD163). M1 macrophages were defined as
CD45+CD11b+CD80+ cells and as CD45+CD11b+MHCII+. M2
macrophages were defined as CD45+CD11b+CD86+, CD45+CD
11b+CD206+, CD45+CD11b+CD163+ cells. Gates were
determined by FMO controls for each specific marker.

2.13 Image acquisition and analysis

All chromagen slides were scanned digitally using Leica SCN-
4000 slide scanner (Leica Microsystems, Germany), and the
multiplex slides were scanned using either the Versa Slide scanner
(Leica MicroBiosystems, UK) or the VS-120 slide scanner
(Olympus). Image analysis and quantification was performed
using Halo® image analysis (Indica Labs®). Quantification of the
positive cells was determined using either haematoxylin or DAPI
staining to identify total cell nuclei. CT26 sample slides were imaged
using a Keyance BZ-X800 compact microscope.

2.14 Statistical analysis

Statistics were calculated using GraphPad Prism (version 9.0)
using standard T-test, one-way or two-way ANOVA. Statistics
are represented as p-value = <0.05 (*¥), p-value = <0.005 (**), p-value
=<0.0005 (***), and p-value = <0.0001 (****). To evaluated the efficacy
from the combination studies, Log-Rank Mantel-Cox tests were
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Analysis of HERA-CD40L or Selicrelumab binding to CD40 and activation of signal transduction. (A) Schematic overview of the CD40 signaling
pathway and related adaptor proteins involved in signal transduction leading to transcription factor activation. (B) CD40 luciferase assay comparing
HERA-CD40L and Selicrelumab in activating CD40. NFkB-luc2/CD40-expressing Jurkat cells were plated and incubated at 37°C prior to addition of
the indicated concentrations of HERA-CD40L or Selicrelumab. The luciferase assay reagent was added and luminescence (RLU) was measured, data
displayed as mean + SEM (n=3). Selicrelumab X-link indicates cross-linking of Selicrelumab via its Fc domain using an equal amount of IgG Fc
Dianova anti-Fc antibody (309-005-008) (B, D). (C, D). Inflammatory activation of immature dendritic cells. Monocytes isolated from PBMCs were
differentiated to immature dendritic cells and treated with either HERA-CD40L or Selicrelumab and the activation of key indicated inflammatory/
survival pathway and transcription factors were measured via FACS analysis over a period of 60 mins (C). (D) Representation of the effects on
inflammatory responses after 15 mins. Colors of the bars match with the colors of the according phosphorylated marker proteins depicted in

(A). Data displayed as mean +/- SEM (n=3-5) (C, D).

performed on Kaplan-Meier plots. Survival plot was calculated for
mice alive at day 21 with cut off at 300-350mm?>.

3 Results

3.1 HERA-CDA4O0L rapidly activates a
multitude of inflammatory/survival
pathway and transcription factors in
human dendritic cells

In order to investigate the impact of HERA-ligands on TNFRSF
agonism, we first analyzed the level of potential activation using an
artificial luciferase system (recombinant Jurkat cells). HERA-CD40L
was compared in its capacity to induce CD40 mediated luciferase
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expression to Selicrelumab, a well-characterised therapeutic antibody
targeting CD40 (29) (Figure 1B). Using a dose-response approach,
comparing Fc-mediated cross-linked versus non cross-linked
treatments, HERA-CD40L demonstrated a marked increase in CD40
activation despite a clear but less pronounced activation being induced
by Selicrelumab. Selicrelumab has been reported to exert activity
without secondary crosslinking via Fc-receptors (30, 31), and indeed,
cross-linking Selicrelumab via Fc-binding antibodies enhanced CD40
activation only slightly, similar to the slightly increased activation by
cross-linked HERA-CD40L. However, the Selicrelumab induced
activity can be mainly attributed to the aggregates in this protein
batch as shown by luciferase activity determinations of the respective
size exclusion chromatography (SEC) fractions (Supplementary
Figure 1A). Interestingly, Selicrelumab counterintuitively showed a
stronger binding to immature dendritic cells than HERA-CD40L (see
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FIGURE 2

Analysis of the activity of CD40 related proteins involved in transduction leading to activation of key inflammatory/survival pathway and transcription
factors. (A, B) Immature dendritic cells were differentiated from monocytes derived from PBMCs donors and treated with the indicated treatments
over 4 hours. (A) Representative western blot analysis (n=3-6) of CD40 related signaling adaptor proteins and related inflammatory/survival pathway
and transcription factors using beta-actin as a loading control. HERA-CD40L treatment is highlighted by purple rectangles shaded by timepoints.

(B) Representative subcellular fractionation and western blot analysis 15 minutes after treatment (n=3), the indicated subcellular fractions are
determined by cytosolic, RIPA soluble and insoluble samples, as indicated. RIPA samples correspond to membrane and nuclear fractions while RIPA
insoluble samples correspond to insoluble lipid rafts, nuclear insoluble fraction, and bound nuclear chromatin. (C) Dendritic cell activation surface
marker expression analysis and IL-12 production comparison between the indicated treatments. Data displayed as mean +/- SEM (n=3 donors),

Standard unpaired t-test comparison. Statistics are represented as either not

Supplementary Figure 1B). In order to determine the relative
downstream effects of the increased activation of CD40 signaling
according to luciferase activity, monocytes were isolated and
differentiated to immature dendritic cells (iDCs). iDCs were then
treated with either HERA-CD40L or Selicrelumab and the
phosphorylation of inflammatory/survival pathway and transcription
factors (SAPK/JNK, p38, ERK1/2, NF«B (p65/Rel-A), AKT, and
STAT1; for an overview see Figure 1A) was measured via FACS
analysis. It was determined that under all conditions, HERA-CD40L
induced significant levels of inflammatory/survival pathway and
transcription factor phosphorylation in a time dependent manner
(peaking between 15-30 mins post treatment), while Selicrelumab
induced only very little activity — even if it is cross-linked via the Fc
region (Figures 1C, D).
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significant (ns), p-value = <0.05 (*), or p-value = <0.005 (***).

3.2 HERA-CDA4O0L induces a loss of
TRAF3 and clAP1, leading to
phosphorylation of TRAF2.

To determine why Selicrelumab induces less downstream signal
transduction activation of CD40 in comparison to HERA-CD40L
despite both displaying an ability to bind, protein members of the
CD40 signaling complex and downstream signaling were analyzed
via western blot. For TRAF3, an adaptor protein of the activated
CDA40 receptor (32, 33), it was observed that for HERA-CD40L, a
clear degradation occurred until no more protein was detected at 4
hours post-treatment. This correlated with activation of NFkB non-
canonical pathway and processing of p52 (Supplementary Figure 2A).
For Selicrelumab, a loss of TRAF3 was observed after 30 mins,
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however levels returned to normal at 4 hours (Figure 2A). In contrast
to TRAF3, which is degraded, TRAF1 is upregulated after stimulation
with HERA-CD40L (Supplementary Figure 2A). For TRAF2, no
difference was observed in the steady-state levels (Figure 2A). For
HOIP (RNF31), an E3 ligase facilitating downstream signaling (34), a
small decrease in expression was observed for HERA-CD40L and
Selicrelumab in the first 5-15 mins. While Selicrelumab returns to
baseline expression at 30 mins post treatment, the decrease in
expression was sustained by HERA-CD40L. For cIAP1, upon
CDA40 receptor-ligand interaction, it forms a complex with TRAF2/
3 and directly ubiquitinates these proteins via the BIR1 domain - a
conserved structure within the IAP family (35-37). The BIR3 domain
of cIAP1 regulates its self-ubiquitination due to engagement with
smac, inducing its own rapid degradation (36, 38). The degradation
of cIAP1 was clear for HERA-CD40L, while no strong degradation
was seen for Selicrelumab treatment, and this signal correlated with
the degradation of TRAF3, which is known to be a negative regulator
of CD40 signaling on B cells (39) (Figure 2A). Indeed, when
phosphorylation levels of NF«B (p65), SAPK, and p38 were
measured, the degradation of TRAF3 and cIAPI correlated in a

10.3389/fimmu.2023.1160116

time dependent manner with the induction of phosphorylation
(Figure 2A), this was further highlighted for NFxB (p65) and
SAPK in subcellular fractionation analysis (Supplementary
Figure 1C). In contrast to Selicrelumab, translocation of Phospho-
p65 to the nucleus has been demonstrated after stimulation with
HERA-CD40L. Further, no phosphorylation of these inflammatory/
survival pathway and transcription factors was detected upon
Selicrelumab treatment, consistent with FACS analysis shown
above. To further determine the mechanism behind HERA-CD40L
mediated CD40 activation, a subcellular fractionation assay was used
to assess the relative levels of receptor adaptor proteins (TRAF family
members). Interestingly, TRAF1 and TRAF3 were detected in the
membrane fractions for both HERA-CD40L and Selicrelumab
treatment, however only with HERA-CD40L treatment did we
detect phosphorylation of TRAF2 (40) (Figure 2B). To compound
these observations, we next determined the translational effects of the
enriched transcription factor activation of HERA-CD40L compared
to Selicrelumab. iDCs were measured via FACS analysis of key
surface markers (CD80, CD83, CD86, CD54, HLA-DR, CCR?7)
demonstrating a pro-inflammatory phenotype (41), in addition to
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FIGURE 3

15 mins

Immunoprecipitation analysis of CD40 and associated proteins involved in signal transduction 15 mins post treatment. (A—C) Representative
Immunoprecipitation and western blot analysis of immature dendritic cells differentiated from monocytes derived from PBMCs. Lysates were
incubated with beads coated with the either CD40 (A), TRAF2 (B), or TRAF6 (C) antibodies, the indicated bound proteins to the respective target
were detected via SDS-PAGE and then western blot analysis (n=3).
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increased levels of IL-12 production (Figure 2C) for cells treated with
HERA-CD40L. In contrast, treatment with Selicrelumab did not alter
these key surface markers and did not change IL-12 production.

3.3 Selicrelumab fails to induce strong
phosphorylation of TRAF2 in comparison
to HERA-CD40L

To confirm the importance of the receptor adapter proteins in the
formation of a signaling complex leading to inflammatory/survival
pathway and transcription factor activation, immunoprecipitation of

10.3389/fimmu.2023.1160116

CD40, TRAF2, and TRAF6 was carried out. Much more CD40 was
immunoprecipitated with anti-human IgG-Fc coated beads after
Selicrelumab stimulation of iDCs compared to HERA-CD40L
stimulation. However, the signaling complex after HERA-CD40L
stimulation induces a stronger signal transduction than that observed
for Selicrelumab. For immunoprecipitation of CD40 (Figure 3A), the
levels of TRAF1, TRAF2, TRAF3, HOIP were comparable for the
treatments with Selicrelumab and HERA-CD40L, but for cIAP1, levels
were lower for HERA-CD40L and consistent with the previously
described results in Figure 2. In contrast to Selicrelumab, stimulation
of iDCs with HERA-CD40L leads to recruitment and phosphorylation
of TBKI1 to the signaling complex and TBKI mediated

A B
40000
— °
g . 80000 *% 200000 -
= 30000+ m PBS
°
§ = HERA-CD40L - 60000 z 150000 e
& 20000+ H =
4 2 40000 £ 1000004 °
2 : Y B
= 100007 20000 L 50000
o
0- 0 0-!
M1 M2a M2d N 2 ™ N '3 v
NG °a° W °u°
Macrophage subtype QyS' q?p
& &
w &
(¢
15000
Tumor associated macrophages Tumor associated macrophages % o M
(TAMs) surface phenotype (TAMs) relative phagocytosis g * %k % . M2d
8 10000
— o
g=
£z
M1 M1 (=]
- . P £ 5000
] 3 T2 pgs ki z
3 3 e ° ,
<+— HERA-CD40L
e M "'v ] ] 1 " . —
0 0 w0 10° (] 0’ 10t 0*
CD163 Dil
E Treatment
CXCL10 iL-10 TGFB
15000 _ _
8000 - 50
o © % %k %k B o M
° o 40+
° -
_ 10000 o 6000 ° ° Mxd
E ofe o E T 301
B o
g S 4000 - > °
— o Q. 20
5000 —i =] ° %%
2000 104 |
L 0- 0-
2 O Qv 2 P Qv
ES E5T EEF LS EE® L&
& O & O o '00 0 o ;,0 O 5-_,0
& ¥ & ¥ @ © v © g
S S P Vo £ Ko
@ 27 & s

FIGURE 4

Differentiation of monocytes to macrophages and analysis of polarization states. (A, C) Macrophages were differentiated from monocytes derived
from PBMCs and polarized to either M1 or M2 macrophages (subtypes of M2a or M2d were generated, depending on the assay). (A) Comparison of
macrophage subtypes. M1, M2a, and M2d macrophages were generated and treated with either PBS or HERA-CD40L (n=4 donors) to compare
responses of each subtype to HERA-CD40L using relative phagocytosis. (B) M1 and M2a macrophages were generated and expression of defined M2
surface markers were analyzed and compared post-treatment with HERA-CD40L. (C) Representative FACS histogram plot of the expression profile
of CD163, a known M2 expression marker, congruent with the phagocytosis functional indicator (Dil stain) of TAMs (M2d macrophages) compared to
M1 macrophages. (D) Relative phagocytosis after treatment of M1 and M2d macrophages with Selicrelumab or HERA-CD40L (n=3 donors).

(E) Detection and quantification of the indicated suppressor associated cytokines comparing M1 macrophages to M2d Macrophages (n=5 donors).
Data displayed as mean +/- SEM (A, C). Standard unpaired t-test comparison. Statistics are represented as either p-value = <0.05 (*), p-value =

<0.005 (**), or p-value = <0.0005 (***).
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phosphorylation of TRAF2. No phosphorylation of TBK1 and much
weaker phosphorylation of TRAF2 was observed for Selicrelumab,
while a strong signal was seen for HERA-CD40L treatment. Only a part
of the CD40 molecules are involved in formation of a signaling
complex after stimulation of iDCs with Selicrelumab or HERA-
CDA40L (1* immunoprecipitation, IP). Higher amounts of CD40 are
immunoprecipitated in a 2" IP with mouse-anti-human CD40 Ab.
However, no or much lower amounts of proteins involved in signal
transduction are bound to CD40 in the 2"¢ IP (Supplementary
Figure 2B). Immunoprecipitation of TRAF2, which was not recruited
to the signaling complex, showed higher binding of TRAFI and p-
TBK1 but lower phosphorylation of TRAF2 after stimulation with
Selicrelumab compared to HERA-CD40L (Figure 3B). We did not find
any TRAF6 in the signaling complex after stimulation of iDCs (data
not shown). However, immunoprecipitation of TRAF6 after
stimulation with HERA-CD40L led to recruitment of TAB1, TAB2,
p-TAKI and also p-TBK1 and p-TRAF2 in contrast to Selicrelumab
(Figure 3C). Thus, taken together, it appears that a signaling complex is
formed upon HERA-CD40L treatment that results in a strong
phosphorylation of TRAF2, an event that is not seen for
Selicrelumab binding to CDA40, suggesting a pivotal step in the
receptor mediated signal transduction for CD40 agonism, and that
downstream signaling is reflective of the level of TRAF2
phosphorylation and recruitment and activation of TAK1 to TRAF6.

3.4 HERA-CDA4O0L repolarizes tumor
associated macrophages into a pro-
inflammatory state

Previous data has shown that anti-inflammatory markers are
reduced while pro-inflammatory markers are increased in
macrophages following HERA-CD40L treatment, suggesting a
repolarization effect (23). We examined M2a, and in addition, M2d
macrophages, which are closely related to tumor-associated
macrophages (TAMs), in their functional response to HERA-
CD40L. Both M2a and M2d macrophages demonstrated a high
phagocytosis response to Jurkat tumor cells, a known trait for anti-
inflammatory macrophages, which was equally reduced upon HERA-
CD40L, suggesting M2a and M2d macrophages in this context are
comparable (Figure 4A) (42). Upon treatment with HERA-CD40L,
the surface marker expression of CD14, CD163, and CD206 of M2a
macrophages was significantly reduced to M1-like levels (Figure 4B).
This surface phenotype and the capacity for macrophages to induce
phagocytosis was also markedly reduced to more Ml-like levels
compared to control in M2d macrophages (Figures 4C, D). In
contrast, the addition of Selicrelumab did not alter phagocytotic
activities. Further analysis of IL-10, CXCL10, and TGFf (pro-tumor
secreted markers) highlighted the functional repolarization of HERA-
CD40L treated M2d macrophages, whereas Selicrelumab had no
effect (Figure 4E). In an allogeneic co-culture of immature dendritic
cells and T cells, we observed an increase in CD45RO", CD54%,
CD69*, and CD25" T cells, a proportionate decrease in CD45RA™ T
cells, and an increase in the secreted pro-inflammatory markers
TNFo, IFNy and IL-2 upon treatment with HERA-CD40L
(Supplementary Figure 3). In contrast to Selicrelumab stimulation,
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naive CD4 T lymphocytes are clearly more potently stimulated in co-
culture with HERA-CD40L stimulated iDCs leading to polarization
to Thl lymphocytes as demonstrated by IFNy production. These
results suggest an induction of T cell responses upon CD40
stimulation of immature dendritic cells by HERA-CD40L. This
trend on T cell responses was also demonstrated in intratumoral
CD8" T cells in a pmel-1 T cell receptor transgenic mouse model
(Supplementary Figure 4), where cytotoxic CD8*CD107a" were
increased in the spleen and tumor upon treatment with HERA-
CD40L, while additionally reducing tumor growth by up to 69%.

3.5 HERA-CDA40L induces an anti-tumor
response in vivo

Next, we investigated anti-tumor therapy of mmHERA-CD40L
using CT26 bearing mice, which were treated 4x with either PBS (10ml/
kg) or mmHERA-CD40L (10mg/kg). Since human CD40L does not
bind to mouse CD40 (43), the murine surrogate mmHERA-CD40L
was employed for syngeneic mouse tumor studies. Similar in vitro
activity of human HERA-CD40L and its mouse surrogate mmHERA-
CDA40L has been shown in a Luciferase reporter gene assay employing
human cells which express human CD40 (mouse CD40L binds both,
human and mouse CD40) (44), see Supplementary Figure 1D. The
mean tumor volume of mmHERA-CD40L treated mice was reduced
significantly by 48% by day 14 (Figure 5A). mmHERA-CD40L was
well tolerated with no signs of toxicity, no abnormalities detected at
necropsy and no impact on body weight gain of the mice
(Supplementary Figure 5). Infiltration of CD8" T cells was measured
over 3 days (day 7, 11, and 14). On day 7, the % of intratumoral CD8"
T cells was 2-fold higher in the mmHERA-CD40L treated mice,
correlating with clearly decreased tumor growth measured on day 7
onwards (Figure 5C).This was further highlighted upon IHC analysis of
tumor sections. We observed a similar increase in CD8" T cells upon
mmHERA-CDA40L treatment and critically, we also observed a large
increase in overall macrophages (as determined by F4/80 expression),
while simultaneously reducing the expression of anti-inflammatory
marker CD163, further highlighting the effect mmHERA-CD40L has
on TAMs. These results corroborate previous pilot in vivo experiments
where mmHERA-CD40L reduced tumor volume of CT26 mice by
40% and an increase in F4/80 and CD8+ T cells together with a
decrease in CD163 in the tumor was demonstrated (Supplemental
Figure 6). Further, there was a reduction in tumor volume of almost
70% comparing transplanted transgenic pmel-1 CD8" T cells treated
with either control or mmHERA-CD40L. Additionally, a trend was
observed where an increase in activation markers of mmHERA-CD40L
treated pmel-1 CD8" T cells (CD44, CD107a), in contrast to non-
treated pmel-1 CD8" T cells (Supplementary Figure 4).

3.6 HERA-CDA4O0L induces an
anti-tumor response in vivo in
combination with radiotherapy

Radiotherapy (RT) can induce immunomodulatory changes in
both the tumor and the tumor microenvironment (TME). The
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FIGURE 5

In vivo CT26 mouse study comparing the effect of murine HERA-CD40L (mmHERA-CD40L) on tumor growth and the translational effect on the
TME. (A) Tumor growth inhibition as measured by mean tumor volume (MTV) of CT26 tumor bearing BALB/c mice treated with mmHERA-CD40L
(10mg/kg) x4 at the indicated days and associated spaghetti plot. Data displayed as mean +/- SEM (n=6-12). (B) Calculation of area under the curve
(AUC) for PBS (10ml/kg) versus mmHERA-CD40L (10mg/kg) (as mean +/- SEM). (C) FACS analysis of intratumoral CD8" T cells at 7, 11, and 14 days
post-treatment comparing PBS (10ml/kg) and mmHERA-CD40L (10mg/kg). Data displayed as mean +/- SEM. (D) Representative images of
immunohistochemistry analysis of the indicated expression markers (n=3 mice each). Standard unpaired T-test comparison. Statistics are

represented p-value = <0.05 (*) or exact p-value. ns, not significant.

CT26 syngeneic colorectal tumor models are known to have an
increase in TILs relative to other syngeneic models (45) following
administration of RT. We have previously demonstrated in the
TRAMP-C1 syngeneic tumor model that there is an increase in
TAMs and other suppressor cells after treatment with RT, while
CD8" T cell, natural killer cell and dendritic cell gene transcripts
were reduced post RT (46). Furthermore, we have shown that RT in
combination with immune modulatory agents can induce a
systemic anti-tumor immune response (47, 48). In this study, we
therefore examined the potential for mmHERA-CD40L to be used
in combination with radiotherapy using the TRAMP-C1 model.
Mice were pre-treated with 3x8Gy RT prior to treatment with
mmHERA-CD40L, as depicted in the scheme in Figure 6A. No
toxicity or significant weight loss was observed in mice which
received mmHERA-CD40L compared to control animals.
Administration of RT resulted in a transient weight loss when
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administered alone or in combinations with mmHERA-CD40L
and/or anti-PD-1 (Supplementary Figure 7A). RT alone or
mmHERA-CD40L alone had no significant impact on tumor
growth, however, tumor growth inhibition was observed when RT
was combined with mmHERA-CD40L (Figure 6B). In order
establish a potential benefit of adding anti-PD-1 treatment to the
combination of mmHERA-CD40L and RT, two further groups with
a small number of mice were randomized to treatment groups. The
combination of anti-PD-1 monoclonal antibody to RT had no
significant impact on the tumor growth compared to RT group
alone or the control tumors. Addition of anti-PD-1 therapy
concurrently with mmHERA-CD40L and RT to tumor bearing
mice resulted in no additional therapeutic benefit compared to
animals which received RT and mmHERA-CD40L (Figure 6B,
Supplementary Figure 7B). However, the combination of RT and
mmHERA-CD40L showed a significant improvement in survival
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FIGURE 6

mmHERA-CD40L enhances therapeutic efficacy in combination with RT in the murine prostate TRAMP-C1 tumor model. (A) Schematic representation of
the treatment schedule. (B) TRAMP-C1 tumor growth measured as mean tumor volume (MTV) demonstrating growth delay when combining mmHERA-
CDA40L with RT. Tumor bearing mice were randomized to treatment group. RT (3x8Gy) was given on day 0, 1, 2. mmHERA-CD40L was administered at 200
ug per mouse on day 2, followed by 100 ug on days 5, 9 and 12. anti-PD-1 was administered at a dose of 10 mg/kg every second day (6 doses in total). A
cohort of mice was culled on day 10 and samples were collected for TME characterisation. (C) Flow Cytometry of TRAMP-C1 tumors measuring M1 and M2
macrophage specific markers, comparing RT or mmHERA-CD40L alone or in combination. Flow cytometry analysis for macrophages was performed on
alive single cells gated as CD45"CD11b" cells, followed by the gating on each of the specific markers. (D) IHC images and quantification of CD4*/CD8" cells
within TRAMP-C1 tumors, comparing control and mmHERA-CD40L with RT treated mice - representative images (chromogenic staining) for CD8" in tumor
samples. * denotes p < 0.05 (where applicable) as determined by unpaired t-test *** denotes p<0.001; ** denotes p<0.01.

compared to RT and control mice (Supplemental Figure 7B). We
then performed flow cytometric analysis in tumor samples which
were excised on day 10 as per the schema (Figure 6A). As expected,
treatment with mmHERA-CD40L led to an increase in M1 markers
and a decrease in M2 markers, which was clearly less pronounced in
combination with RT (Figure 6C, see Supplemental Figure 8 for
further analysis, including PD-1 expression; for gating strategy see
Supplemental Figure 7C). In line with this finding we observed a
loss of intratumoral CD4" and CD8" T cells upon RT, however this
was restored upon treatment with mmHERA-CD40L (Figure 6D),
suggesting that mmHERA-CD40L could counteract the negative
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immunosuppressive impact of RT and further enhance anti-tumor
responses, which is in line previous data depicted in Figure 4.

4 Discussion

In this manuscript we have investigated the underlying
mechanisms behind the response of HERA-CD40L in comparison
to Selicrelumab, which has been involved in the completion of three
clinical trials (NCT02304393, NCT02665416 and NCT03892525),
and is currently involved in three further active trials
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(NCT03193190, NCT03424005 and NCT03555149), suggesting
therapeutic value. We have demonstrated that HERA-CD40L
induced a much stronger activation of inflammatory/survival
pathways and transcription factors using phospho-specific
markers of activation in dendritic cells (Figure 1C, D). Key signal
transduction pathway members induced by HERA-CD40L
mediated activation of CD40 were measured, leading to activation
of inflammatory responses. Degradation of TRAF3 4h after
stimulation with HERA-CD40L led to accumulation of NIK and
activation of non-canonical NFkB pathway (49, 50) and resulted in
processing of p52 (Supplementary Figure 2A). In contrast to
TRAF3, TRAF1, which is unique within the TRAF family as it is
the only member to lack a RING domain, is known to be a positive
regulator of CD40. TRAFI is upregulated 4h after stimulation of
iDCs with HERA-CD40L (Supplementary Figure 3A) and may have
regulatory functions at late stage after stimulation (51-54). TRAF1
expression also is reported to be a positive indicator of efficient
CDA40 activation, which supports the findings that HERA-CD40L
induces more efficient activation of CD40 compared to
Selicrelumab (55, 56). Recruitment of p-TBK1 to the signaling
complex after stimulation of iDCs with HERA-CD40L mediated a
strong phosphorylation of TRAF2 on serine 11 (Figure 3A), which
plays an important role in NFkB and MAPK activation (57).
Although we did not find TRAF6 in the signaling complex, IP
shows a clear binding of TAB1, TAB2 and recruitment of p-TAK1
to TRAF6 after stimulation with HERA-CD40L in contrast to
Selicrelumab (Figure 3C). TRAF6 induces activation of TAKI, a
MAP3K, to trigger activation of MAPK pathways and transcription
factors AP-1 and NF«kB (58). TRAF6 can be activated without direct
contact to CD40 (59, 60). P-TBK1 and p-TRAF2 in complex with
TRAF6 can play a role in activation of TRAF6 after HERA-CD40L
stimulation. This is in line with the molecular layout of HERA-
CDA40L and Selicrelumab. The hexavalent HERA-CD40L comprises
of two CD40L trimers and is therefore capable of binding to six
CD40 molecules.The CD40L trimers of HERA-CD40L are more
closely mimicking physiological agonism that would be achieved
through cell to cell interaction, thereby enabling an appropriate
assembly of the intracellular CD40 signaling complex. In contrast,
the bivalent CD40 binding of Selicrelumab does not result in
sufficient CD40 clustering on the surface of the target cell,
resulting in a lack of downstream signal transduction activation.
Structural details of this concept are illustrated in our previous
publication (21). Thus, the level of TRAF2 phosphorylation and
recruitment and activation of TAK1 to TRAF6 - resulting in
activation of downstream signaling pathways and transcription
factors - could act as a marker of effective CD40 activation.
Further support for TRAF2 acting as a key component in CD40
signalling has been previously demonstrated in mouse B cells,
mouse epithelial cells, and human epithelial cells, such that
TRAF2 ubiquitination and degradation following recruitment/
phosphorylation was a critical step in CD40 mediated signal
transduction (61-64). These effects could not only be seen in
dendritic cells, but additionally in other key inflammatory cells,
suggesting a highly conserved signaling axis in healthy, functional
cells. While immature dendritic cells were driven to be pro-
inflammatory by HERA-CD40L as determined by surface marker
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expression and IL-12 production (41) (Figure 2C), macrophages
were also repolarized from M2 anti-inflammatory/pro-tumor
macrophages (M2a and M2d demonstrated very similar
responses, suggesting a high comparability between M2
macrophage subtypes) to pro-inflammatory M1 macrophages in
response to HERA-CD40L (42) (Figure 4). This effect was not
observed with Selicrelumab. Macrophage repolarization could have
significant impact on the TME (65) and ultimately have significant
impact on the overall efficacy of immunomodulation based
therapies, as the TME is highly suppressive to inflammatory
responses (66). In line with this, suppressive cytokines were
measured and shown to be markedly reduced by TAM-like
macrophages when treated with HERA-CD40L compared to
Selicrelumab (Figure 4E). IL-10 in particular, a regulator of Treg
cells, is almost completely lost. Given the synergy of results between
the CD40 signaling responses and phenotypes observed for iDCs,
TAMs, and T cells, together with supporting literature for TRAF2 as
key component for CD40 activation, it is surprising that only a faint
CD40 band is seen in the HERA-CD40L immunoprecipitates
(Figure 3A) which is close to the detection limit of the Western
Blot. Our current working hypothesis is that clustering a rather low
number of CD40 molecules by HERA-CD40L is sufficient to induce
signaling leading to transcription factor activation (Figure 1C, D),
which has been clearly demonstrated by showing induction of p-
TBK1 and p-TRAF2 (Figure 3A). Further research on TNFSFRs is
needed to clarify this point. Dose-dependent binding of both,
Selicrelumab and HERA-CD40L to iDCs has been shown by flow
cytometry (see Supplementary Figure 1B). Employing the anti-
human CD40 antibody (clone G28.5) for a second IP
demonstrates, that a high level of CD40 is present, however, the
level of signaling relevant proteins (i.e. p-TRAF2) is rather low here
(see Supplementary Figure 2B, very right lanes). These high levels of
CD40 are in line with the subcellular fractionation data shown for
HERA-CDA40L treatment (RIPA, see Figure 2B).

Regarding the impact on the overall immune responses with
respect to inflammation and the TME, we explored the efficacy of
HERA-CD40L in vivo. Using a fully murine surrogate for HERA-
CD40L (mmHERA-CD40L) (23), we examined the single agent
efficacy of tumor growth inhibition in a CT26 mouse model. We
observed a marked reduction in tumor growth of 48% (p = 0.0112)
(Figure 5A). In addition, we observed a significant increase in the
number of intratumoral cytotoxic CD8" T cells, up to ~2x fold after 8
days post treatment. Furthermore, the repolarization of TAMs was
also demonstrated in vivo using IHC - CD163 positive F4/80
Macrophages were lost upon treatment with mmHERA-CD40L,
highlighting the pro-inflammatory impact mmHERA-CD40L has
on the TME (Figure 5D), which is congruent with our in vitro data for
fully human HERA-CD40L. Macrophage repolarization thus is a
point of significant interest for immunotherapy in general, as
demonstrated by van Dalen et al. (67) NFkB appears to be a major
component in TAM phenotype differentiation, therefore it is likely
that HERA-CD40L is having a direct impact on the target
macrophages resulting in repolarization from TAM to MI, as
supported by the induction of NFkB in Figures 1, 2 by HERA-
CD40L, though it cannot be ruled out the T cells are also contributing
to this effect. As stated previously in the context of checkpoint
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inhibitors, single agent approaches may not be efficacious enough in
the larger proportion of patients. We examined the beneficial role
mmHERA-CD40L might have as a combination-based therapy with
radiotherapy. Radiotherapy currently plays a pivotal role in the
treatment of around half of all cancer patients (68, 69) and more
recently the impact of radiotherapy on the TME has gained an
increased level of importance over the last decade (70-72). Briefly,
radiotherapy has been established in some tumor types to have an
immunomodulatory effect, leading to an influx of tumor associated
macrophages and myeloid derived suppressive cells, which can be
highly immunosuppressive (71-73). We have described the impact
HERA-CD40L has on macrophages in vitro and in vivo, we next
analyzed these beneficial properties in a combination-based
therapeutic approach using a TRAMP-C1 model. Mice (n=9-12)
were treated with either radiotherapy, mmHERA-CD40L, or a
combination of both. Neither radiotherapy, nor mmHERA-CD40L
alone had a pronounced positive therapeutic impact on tumor
growth. In combination however, mice that were pre-treated with
3x8Gy RT and subsequently treated with mmHERA-CD40L had a
~3x fold decrease in tumor growth compared to control mice.
Moreover, in line with previously seen intratumoral FACS and
IHC analysis, CD47/8" were rescued after radiotherapy by
treatment with mmHERA-CD40L. Furthermore, TAMs were
decreased by mmHERA-CD40L, while the pro-inflammatory
marker CD80 was increased. Together, these results highlight the
synergistic effect mmHERA-CD40L treatment has on radiotherapy
treatment, providing a balance between RT induced immune
suppression and promotion of inflammatory responses by
manipulating the TME. In conclusion we have demonstrated that
the next-generation TNFRSF agonists, the HERA-ligands, are capable
of inducing TNFRSF activation, resulting in enhanced inflammatory
response in vitro compared to other anti-CD40 agonist mAb such as
Selicrelumab, resulting in enhanced tumor control in vivo, in
combination with RT therapy. Further, combination based
approaches with immuno-oncology agents informed by enhanced
understanding the mechanisms of targeted approaches, including
CD40 agonism, have the potential to further improve cancer
outcomes (74-76).
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