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Abstract

Background Additional immunotherapies are still warranted for non-responders to checkpoint inhibitors with refractory or
relapsing cancers, especially for patients with “cold” tumours lacking significant immune infiltration at treatment onset. We
developed XFab-a4-1BB/CD40L, a bispecific antibody targeting 4-1BB and CD40 for dendritic cell activation and priming
of tumour-reactive T cells to inhibit tumours.

Methods XFab-a4-1BB/CD40L was developed by engineering an anti-4-1BB Fab arm into a CD40L trimer based on
XFab® platform. Characterisation of the bispecific antibody was performed by cell-based reporter assays, maturation of
dendritic cell assays, and mixed lymphocyte reactions. The abilities of antigen-specific T-cell expansion and antitumour
efficacy were assessed in syngeneic mouse tumour models. Toxicological and pharmacodynamic profiles were investigated
in non-human primates.

Results XFab-a4-1BB/CD40L demonstrated independent CD40 agonistic activity and conditional 4-1BB activity mediated
by CD40 crosslinking, leading to dendritic cell maturation and T-cell proliferation in vitro. We confirmed the expansion of
antigen-specific T cells in the vaccination model and potent tumour regression induced by the bispecific antibody alone or in
combination with gemcitabine in vivo, concomitant with improved tumour-reactive T-cell infiltration. XFab-o4-1BB/CD40L
showed no signs of liver toxicity at doses up to 51 mg/kg in a repeated-dose regimen in non-human primates.

Conclusions XFab-a4-1BB/CD40L is capable of enhancing antitumour immunity by modulating dendritic cell and T-cell
functions via targeting 4-1BB agonism to areas of CD40 expression. The focused, potent, and safe immune response induced
by the bispecific antibody supports further clinical investigations for the treatment of solid tumours.
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4-1BB (CD137) may represent a promising approach for
solid tumours [5]. The costimulatory molecule, 4-1BB, is
upregulated on activated T cells [6]. Engagement of 4-1BB
provides a survival signal to T cells, thereby enhancing
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proliferation, cytotoxicity, cytokine production [7-10], and
T-cell memory formation [11]. In spite of these preclinical
data supporting 4-1BB as a potential cancer immunother-
apy target, clinical attempts with agonistic targeted 4-1BB
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«Fig.1 The characterisation of XFab-a4-1BB/CD40L fusion pro-
tein and maturation of dendritic cell. a Schematic representation of
the bispecific antibody with a monovalent Fab fragment binding to
4-1BB and a trimetric CD40L binding to CD40. Heterodimerisation
and correct assembly are achieved by the interaction between the
Vy and V| domain, and one disulphide bond in the hinge region. b
XFab-a4-1BB/CD40L displayed independent CD40 agonist activ-
ity in HEK-Blue CD40L cells (left). In contrast, the 4-1BB agonist
activity was dependent on CD40-expressing HEK293T cells (right).
Data shown are mean=+ SD of triplicate measurements from one rep-
resentative results of two independent experiments. ¢ DC matura-
tion induced by XFab-a4-1BB/CD40L. Monocyte-derived DCs were
incubated with dilution series of XFab-a4-1BB/CD40L fusion pro-
tein, CD40L-Fc (100 nM), anti-4-1BB mAb (100 nM), or cytokines
(IL-6, IL-1p, and TNF-a) for 48 h. The MFI of CD80 and HLA-DR
was detected by flow cytometry. Data shown are the mean MFI+SD
(n=technical duplicates). d Supernatant of cultures described in ¢
was collected after 48 h and IL-12 secretion was analysed by ELISA.
Data shown are mean=+SD of technical duplicates. e Phase contrast
images were taken after 48 h at 4 x (left) and 10X (right) magnifica-
tion. Microcluster formation was observed and highlighted by the
dashed circles. Scale bars: 200 pm

monoclonal antibodies (anti-4-1BB mAb), such as urelumab
and utomilumab, have demonstrated limited clinical success
because of liver safety issues and lack of consistent clinical
activity [3]. Unfortunately, the decade-long effort has not
pushed agonistic 4-1BB monotherapy beyond early-stage
clinical trials.

Several new strategies have emerged to construct agents
with multiple specificities and activities including 4-1BB
in one molecule [12—18]. Considering the 4-1BB mecha-
nistic rationale and the demand for a better safety profile,
the idea of utilising 4-1BB to agonistically cross-link other
immune receptors, such as CD40, may be plausible. CD40,
a costimulatory receptor belonging to TNFRSF, is expressed
on antigen-presenting cells (APC), including dendritic cells
(DC), B cells, macrophages, and a variety of non-immune
cells including platelets and several types of tumour cells.
CD40L, the physiological ligand of CD40, existing on
immune cells including T cells, NK cells, B cells, and
especially CD4 T cells, can biologically self-assemble into
functional trimers which induce CD40 trimerisation and
downstream signalling. CD40 serves as a critical role in
immunological synapse stimulation, DC maturation, and
subsequent activation of antigen-specific T cells. Thus, tar-
geting the CD40 pathway may be pivotal in converting cold
tumours to hot ones and further generating effective T-cell
immunity. However, single-agent CD40 mAb has yielded
minimal rates of objective tumour response in clinic, despite
clear evidence of pharmacodynamic activity. Combination
therapies will likely be required to unleash the full potential
of CD40 targeting.

Inspired by the underlying biology of these two pathways,
we anticipate that combining bispecific targeting of 4-1BB
and CD40 could awaken the dual function of triggering anti-
tumour immunity. In this study, we describe the generation

and preclinical characterisation of the XFab-a4-1BB/CD40L
fusion protein (IMB071703), a novel bispecific antibody that
exploits the complementary rationales of CD40 activation
on DC and 4-1BB crosslinking on T cells. Preclinical proof-
of-concept data reveal that the antibody harbour increased
potency for DC maturation and T-cell activation, leading
to efficient tumour inhibition in multiple tumour-bearing
mouse models. In addition, XFab-a4-1BB/CD40L has been
shown to serve as an adjuvant and enhance the antitumour
efficacy of cancer vaccines as prophylactic treatment.

Results
Design of XFab-a4-1BB/CD40L bispecific antibody

As agonistic anti-4-1BB antibodies have failed in the clinic
to date, our goal was to direct potent 4-1BB stimulation to
areas of CD40 expression at tumour sites without the need
for FcyR crosslinking in a broad range of cancers. We gener-
ated the XFab-a4-1BB/CDA40L fusion protein (IMB071703),
a bispecific antibody characterised by the following features
(Fig. 1a): (1) a monovalent Fab fragment binding to 4-1BB
and (2) a trimeric split CD40L that binds CD40, considering
the natural trimeric form of CD40L in humans. The original
Fc region was replaced by a CD40L trimer, leading to 4-1BB
receptor clustering and subsequent T-cell activation through
CD40-mediated crosslinking.

By biolayer interferometry, XFab-a4-1BB/CD40L bound
to human CD40 and 4-1BB with affinities of 26.9x 10 nM
and 16.4 nM, respectively (Supplementary table 1 and sup-
plementary Figure. 1A, B). Binding to both human and cyn-
omolgus cell membrane-associated targets was validated
using B cells and 4-1BB-expressing HEK293 T cells (Sup-
plementary Figure. 1C, D).

XFab-a4-1BB/CD40L exhibits independent CD40
and conditional 4-1BB agonist activity

Subsequent investigations aimed to dissect the nature of tar-
get crosslinking in receptor activation (Fig. 1b and supple-
mentary Figure. 2). We assessed the CD40 agonist activity
using HEK-Blue CD40L reporter cells, which resulted in
the secretion of secreted embryonic alkaline phosphatase
(SEAP) upon NF-KB activation following CD40 stimula-
tion. In this cell, SEAP secretion was positively correlated
with the bispecific antibody concentration. However, in
HEK-Blue 4-1BB cells, the downstream signalling and
SEAP secretion only occurred in coculture with HEK293T-
huCD40 cells, whereas minimal activation occurred in the
absence of CD40. These results showed that XFab-a4-
1BB/CD40L exhibited independent CD40 agonism, yet
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conditional 4-1BB agonist activity dependent on crosslink-
ing to CD40.

XFab-a4-1BB/CD40L induces DC maturation in vitro

To further explore the immunostimulatory effect of XFab-
a4-1BB/CD40L at a functional level, we next assayed the
bispecific antibody for their ability to mature DCs in vitro.
Stimulation of human monocyte-derived DCs with XFab-
a4-1BB/CD40L resulted in upregulated expression of
the cell surface maturation markers, CD86 and HLA-DR
(Fig. 1c), as well as induction of IL-12 (Fig. 1d). Our results
demonstrated that the DC maturation was dependent on
CD40L arm, as the recombinant CD40L-Fc protein induced
similar DC maturation, whereas anti-4-1BB mAb did not.
Formation of DC microclusters was also observed in cul-
tures treated with XFab-a4-1BB/CD40L (Fig. 1e). Consist-
ent with the functionality of the CD40 pathway, these data
suggested that XFab-a4-1BB/CD40L exhibited potent DC
activation in vitro.

XFab-a4-1BB/CD40L enhances T-cell activation
and proliferation in vitro

To assess the functionality of XFab-a4-1BB/CD40L further-
more, we addressed immunostimulation of T cells induced
by the bispecific antibody in a mixed lymphocyte reaction
(MLR) assay. T-cell activation and proliferation was ana-
lysed in cocultures of OVA-loaded mature DC with alloge-
neic T cells in the presence of XFab-a4-1BB/CD40L. The
bispecific antibody induced an increase in CD8 and CD4
T-cell proliferation in a dose-dependent manner (Fig. 2a).
Upregulation of the activation markers—CD25 (middle) and
HLA-DR (late), was observed as well (Fig. 2b). T-cell acti-
vation and proliferation induced by XFab-a4-1BB/CD40L
were similar to those by anti-4-1BB mAb. The effect of
XFab-a4-1BB/CD40L on the interactions between OVA-
loaded DCs and T cells was visualised via fluorescence
microscopy, where the bispecific antibody preferentially
localised to the DC-T-cell surface through target crosslink-
ing (Fig. 2c). Taken together, these findings demonstrated
that XFab-a4-1BB/CD40L induced T-cell activation and
proliferation through reinforcing the immunological synapse
between DC-T-cell surfaces.

XFab-a4-1BB/CD40L results in expansion
of antigen-specific T cells in a vaccination model

We used an ovalbumin (OVA) vaccination model to explore
how the effect of XFab-04-1BB/CD40L on DC activation
would impact priming of T cells in depth. Briefly, human
CD40/4-1BB transgenic mice were immunised with OVA
protein and different doses of XFab-a4-1BB/CD40L were
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injected according to Fig. 3a. We evaluated the potential
for antitumour efficacy using OVA as a model cancer vac-
cine. On day 24, B16-OVA (B16 melanoma cells transfected
with OVA) tumours were inoculated, and tumour growth
was monitored without any additional treatments follow-
ing tumour inoculation (Fig. 3b). The results showed that
although immunisation with OVA and CD40L-Fc induced
slightly delayed tumour growth, this effect was significant
enhanced when OVA immunisation was combined with
XFab-a4-1BB/CD40L. Fourteen days after the first OVA
immunisation, XFab-a4-1BB/CD40L resulted in a mark-
edly detectable expansion of circulating OVA-specific CTL
cells, compared to mice receiving OVA only, leading to an
increase in the total number of CD8* effector memory (EM)
T cells (Fig. 3c). Although CD40-Fc and anti-4-1BB mAb
slightly increased counts of OVA-specific CTL cells and
CD8* EM T cells in tumour tissues at the end point, this
change was more prominent with XFab-a4-1BB/CD40L
(Fig. 3d). Taken together, these data demonstrate that pro-
phylactic treatment with the bispecific antibody and OVA
resulted in improved T-cell activation, expansion of anti-
gen-specific CD8 T cells, and subsequent amplification of
memory T-cell pools, leading to OVA-expressing tumour
regression.

XFab-a4-1BB/CD40L inhibited tumour growth
in syngeneic mouse models

We then examined antitumour efficacy in mouse xeno-
graft model using MC38 cell line. In this model, the bispe-
cific antibody significantly inhibited MC38 cell growth
at 50 nmol/kg (Fig. 4a) and a significant dose-dependent
survival elongation was observed (Fig. 4b). XFab-a4-1BB/
CD40L increased the total number of CD47 cells, leading to
an increased CD4"/CD8" ratio (Fig. 4c) in the tumour tissue.
This was accompanied by an increased number of effector
memory (EM) and central memory (CM) T cells (Fig. 4d).
XFab-a4-1BB/CD40L treatment significantly upregulated
the expression of 4-1BB and PD-1 on T cells (Fig. 4e),
which are two effective markers for tumour-reactive subsets
of TILs reported elsewhere [19, 20].

We also evaluated the efficacy of XFab-a4-1BB/CD40L
in MB49-bearing male mice, which is considered to have
a cold tumour phenotype. Despite the limited efficacy
observed in mice treated intravenously, the bispecific anti-
body exhibited the greatest inhibition of MB49 cell growth
at a dose of 15 nmol/kg intratumourally (Fig. 5a, b). Of note,
the CD8/T,, ratio significantly increased in this model.

Additionally, mice from our MC38 and MB49 syngeneic
tumour studies exhibited no overt signs of toxicity follow-
ing repeated dosing and maintained normal body weight
throughout (Supplementary Figure. 3A, B).
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Fig.2 XFab-a4-1BB/CD40L fusion protein enhances T-cell activa-
tion and proliferation in vitro. CellTrace Violet-labelled human T
cells were cocultured with ovalbumin-loaded allogenic dendritic
cells (DCs) in the presence of titrated bispecific antibody or control
antibodies for 10 days. Proliferation (CellTrace Violet dilution) and
CD25 and HLA-DR expression of CD4* or CD8* cells were analysed
by flow cytometry. The percentage of T-cell proliferation (a) and
the percentage of CD25 and HLA-DR expression (b) are shown as

Combination of XFab-a4-1BB/CD40L
with gemcitabine further enhanced in vivo
antitumour efficacy

Pancreatic ductal adenocarcinoma is essentially a cold
tumour and responds poorly to immune checkpoint inhib-
itors. Previous reports have shown that chemotherapy
cooperates with immune agonists by spilling antigen
[21]. To test the hypothesis that pre-treatment with chem-
otherapy enhances immune activation, the combination
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mean+SD (n=technical duplicates). Dotted lines indicate cultures
in the absence of treatment. ¢ XFab-a4-1BB/CD40L reinforces the
immunological synapse through target crosslinking. Representative
fluorescent images of DC-T cocultures were used to co-localise FITC-
CD3, PE-XFab-a4-1BB/CD40L, and APC-CDS8. The white dashed
line represents the interface between the DC and T cells. Images were
acquired at 40xmagnification. Scale bars: 20 pm

of XFab-a4-1BB/CD40L with gemcitabine was studied
in human CD40/4-1BB transgenic mice bearing Panc02
cells. The results showed that either of gemcitabine or
XFab-a4-1BB/CD40L induced moderate tumour inhibi-
tion, whereas the combination of both agents resulted in
enhanced antitumour efficacy (Fig. 6a), accompanied by
a significant shift in the T, ,/CD4 T cells (Fig. 6b). The
upregulation of 4-1BB and PD-1 induced by gemcitabine
was further potentiated by combination with XFab-a4-
1BB/CDA40L (Fig. 6¢).
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Fig.3 Repeated dosing of XFab-a4-1BB/CD40L in OVA-rechal-
lenged mice results in expansion of OVA-specific CD8* cells and
inhibited tumour growth in B16-OVA-bearing mice. Human CD40/4-
1BB transgenic mice were immunised with 12.5 mg/kg OVA protein
and administered indicated dosage of therapeutic agents or 1.25 mg/
kg poly (I:C) intradermally on five occasions. On day 24, 5x 10°
B16-OVA cells were inoculated subcutaneously. Whole blood and
tumour tissues were collected for flow cytometry. a Overview of
the experimental set-up. b Tumour growth after B16-OVA inocu-

Tolerability in non-human primates (NHPs)

Cytokine release syndrome is a dose-limiting complica-
tion of T-cell engagers in humans [22]. Although this
adverse effect of 4-1BB is perhaps less severe, we sought
to explore the potential toxicities of the bispecific anti-
body via in vitro cytokine release assay by co-incubating
human PBMCs with the bispecific antibody. In this assay,
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no significant difference in cytokine release was observed
(Supplementary Figure. 3).

As the binding affinities of the bispecific protein to NHP
antigens were validated as shown above (Supplementary
Figure. 1C, D), the PK behaviour of XFab-a4-1BB/CD40L
was characterised in cynomolgus monkeys following intra-
venous administration (Supplementary table 2). XFab-o4-
I1BB/CD40L displayed a dose-dependent increase in C

max
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Fig.4 XFab-a4-1BB/CD40L inhibits tumour growth and increases
intratumoural T-cell accumulation and activation in MC38-bearing
mice. a Randomised human CD40/4-1BB transgenic mice were
subcutaneously implanted with MC38 cells at 2.0x 10° per mouse.
When tumours were approximately 50-90 mm?, the mice were
intratumourally administered designated antibodies or vehicle at
indicated time points. Tumour burden was quantitated at various
time points after treatment. Data points indicate mean+SEM (n=8
animals per group). Statistical analysis was performed by two-way
repeated measure ANOVA with Tukey’s multiple comparison test.
b Kaplan—Meier survival curves of MC38-bearing mice. Statistical

significance was analysed by the log-rank test. ¢ Digested tumour
tissues at the end point were analysed by flow cytometry gating on
living CD4" or CD8" cells. Shown is mean + SD. Tumour-infiltrating
CD4" and CD8" T cells were analysed for memory cell subpopula-
tion (d) and 4-1BB and PD-1 expression (e) by flow cytometry. Effec-
tor memory (EM) and central memory (CM) T cells were defined as
CD447CD62L"~ and CD44*CD62L" T cells, respectively. Data points
indicate mean=+SD (n=28 animals per group). Statistical significance
in (c—e) was calculated using unpaired one-way ANOVA with Tuk-
ey’s multiple comparison test
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Fig.5 XFab-a4-1BB/CD40L inhibits tumour growth and increases
intratumoural T-cell accumulation and activation in MB49-bearing
mice. a Randomised human CD40/4-1BB transgenic male mice were
subcutaneously implanted with MB49 cells at 2.0x 10° per mouse.
When tumours were approximately 50-90 mm?>, the mice were given
intravenous or intratumoural injections of XFab-a4-1BB/CD40L at
the indicated time points. Tumour burden was quantitated at various

and AUC. The systemic clearance rate (CL) and volume of
distribution (Vd) declined as the doses increased. Overall,
anti-drug antibodies (ADAs) were detected in 4 (66.7%) of
6 cynomolgus monkeys treated with XFab-a4-1BB/CD40L.
There was no evidence to suggest that the pharmacokinetic
profiles were altered in monkeys with ADAs.

To further explore potential toxicities of the bispecific
antibody, an NHP toxicology study was performed by using
a single-dose regimen and a repeated-dose regimen. A sin-
gle dose of 765 nmol/kg intravenously induced no adverse
events in the monkeys (Table 1). For the repeated-dose regi-
men, animals were necropsied 7 days after the last admin-
istration, and liver samples were collected at necropsy for
histological assessment. Each liver section was scored for
pathology, and the frequencies of monkeys showing zero,
minimal, slight, or moderate effects within each group are
shown in Table 2. The liver displayed minimal mixed inflam-
matory cells in periportal tracts, minimal degeneration with
mixed inflammatory cells in the parenchyma, and no degen-
erative hepatocytes. Changes in clinical chemistry parame-
ters related to liver function were also documented (Fig. 7b).
XFab-a4-1BB/CD40L was generally well tolerated up to
510 nmol/kg dosed weekly for 5 weeks, as determined by
clinical chemistry and histopathology results, suggesting
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time points after treatment. Data points indicate mean+SEM (n=6
animals per group). Statistical analysis was performed by two-way
repeated measure ANOVA with Tukey’s multiple comparison test.
b Digested tumour tissues at the end point were analysed by flow
cytometry gating on subpopulations of T cells. Shown is mean +SD.
Statistical significance was calculated using unpaired one-way
ANOVA with Tukey’s multiple comparison test

that acceptable toxicity can be achieved at doses that induce
immune effects.

Temporary increases in circulating T cells and decreases
in B cells were noticed in animals with repeated XFab-a4-
1BB/CDA40L administration (Fig. 7a). Cytokine release was
not observed in any of the groups until 24 h postdose, as
IL-2, IL-10, IL-12, TNF-a, IFN-y, and granzyme B levels
were below lower limit of quantification. Therefore, the
bispecific antibody showed acceptable pharmacodynamics
and toxicity in NHPs with a single-dose and repeat-dose
regimen that allowed T-cell activation.

Discussion

In this study, we demonstrate preclinical characterisation
of a novel bispecific antibody, the XFab-a4-1BB/CD40L
fusion protein, and corroborate the mechanism of action for
potent tumour-specific immunity. The bispecific antibody
manifests independent CD40 agonistic activity, similar to the
physiological process where immature DCs are licensed by
CD40L* CD4 T cells. Subsequently, the antibody helps to
direct 4-1BB agonist activity to the area of DC maturation,
thereby providing a focused costimulatory signal for specific
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Fig.6 Effect of XFab-a4-1BB/CD40L in combination with gem-
citabine on the inhibition of tumour growth in Panc02 cell-bearing
mice. a Human CD40x4-1BB transgenic mice were subcutaneously
implanted with Panc02 cells at 5.0x 10® per mouse. When tumours
were approximately 50-90 mm?, the mice were administered 30 mg/
kg gemcitabine intravenously only or in combination with 50 nmol/kg
XFab-04-1BB/CD40L intratumourally at the indicated time points.
Statistical analysis was performed by two-way repeated measure

T-cell activation, proliferation, and effector function. Con-
sistent with this mechanism of action, XFab-a4-1BB/CD40L
demonstrates definite tumour growth inhibition in syngeneic
tumour mouse models. Moreover, toxicology studies in non-
human primates confirmed the safety profiles at the doses
maintaining favourable immune activity.

CDA40 and 4-1BB are two preclinically validated targets,
which have manifested pharmacodynamic activity and cer-
tain clinical antitumour efficacy in monotherapy. However,
for 4-1BB, liver inflammation is a key limiting factor and
dose reduction is required for good-tolerance. A recent
report confirmed the overall objective response rate for
utomilumab (4-1BB mAb) was 3.8% in patients with solid
tumours at the tolerated dose levels [23]. Another report
demonstrated marginal clinical activity of utomilumab in
immune checkpoint inhibitor-experienced melanoma and

ANOVA with Tukey’s multiple comparison test. b Digested tumour
tissues at the end point were analysed by flow cytometry gating on
T,.. and CD4 cells. ¢ Tumour-infiltrating CD4* and CD8* T cells

reg
were analysed for 4-1BB and PD-1 expression by flow cytometry.

Data points in (b, ¢) indicate mean=+SD (n=6-8 animals per group),
and statistical significance was calculated using unpaired one-way
ANOVA with Tukey’s multiple comparison test

non-small cell lung cancer patient [24]. Similarly, a single-
agent CD40 mAbD has yielded minimal rates of objective
tumour response. Selicrelumab, while producing objective
partial responses in 27% of patients with advanced mela-
noma in the first-in-human study, showed a 0% objective
overall response rate in a second trial [25]. For both tar-
gets, the current clinical strategy has shifted to combinato-
rial therapies. For example, CD40 agonists combined with
anti-PD-1 antibodies have shown synergistic effects on the
induction of T-cell immunity and antitumour responses in
several preclinical tumour models, including immune-resist-
ant tumours [26].

The use of 4-1BB and CD40 agonists is most likely
feasible in combination regimen with no evidence of seri-
ous accumulative toxicity, and there is a rationale for the
therapeutic synergy of this combined regimen. Specifically,
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Table 1 Clinical observations after single and multiple doses of XFab-a4-1BB/CD40L in non-human primates

Single dose (n=2) Vehicle 765 nmol/kg
Liquid faeces (0/2) 0/2)
Sunken eyes and dry skin 0/2) 0/2)
Decreased activity 0/2) 0/2)
Reduced appetite 0/2) 0/2)

Vehicle (n=10) 20 nmol/kg (n=10) 100 nmol/kg (n=10) 510 nmol/kg (n=10)

Ist 2nd 3rd 4th 5th 1st 2nd 3rd 4th S5th Ist 2nd 3rd 4th 5th 1st 2nd 3rd 4th 5th
Liquid faeces 0 0 o o o0 0 o0 0 0 1 0 o0 o o o0 o0 o o o0 o0
Sunken eyes and dry skin 0 O 0 o o0 0 O 0 0 1 0 0 0 o 0 0 0 0 0 0
Decreased activity 0 0 0 o 0 0 0 0 0 1 0 0 0 o 0 o0 0 0 0 0
Reduced appetite 0 0 o o0 o0 0 O 0 1 1 0 0 o o o0 0 o 0o 0 O
Weight loss 0 0 o o0 o0 0 o0 o o0 o0 0 O o o o0 o0 o o 0 O
Elevated body temperature 1 0 o o o0 0 o o o0 2 0 O o o o0 o0 o 0o o0 2
Decreased body temperature 0 0 0 o o0 0 O 0 0 1 0 0 0 o 0 0 0 0 0 1
Abnormal ophthalmic findings 0 0 o 0 o0 o0 0 o 0 o0 0 O o o 0 0 O 0o 0 O

Non-human primates treated with a single or repeated intravenous dose were observed for clinical signs of adverse effects. In a single-dos-
ing study, the maximal tolerated dose was at least 765 nmol/kg (upper). For the repeated dosing study, a male monkey receiving 20 nmol/kg
repeated doses showed adverse effects including liquid faeces, sunken eyes and dry skin, decreased activity, reduced appetite, and decreased
body temperature after the last administration (bottom). Supported care is needed afterwards. Slightly abnormal body temperature was observed
in animals receiving repeated doses of 510 nmol/kg but returned to normal after 24 h

Table 2 Scoring of liver Vehicle ~ 20nmolkg 100 nmolkg 510 nmol/kg
pathology after multiple doses
of XFab-a4-1BB/CD40L in Degeneration with mixed inflammatory cells
non-human primates (parenchymal)
Minimal 2 0 1 0
Mixed inflammatory cells in portal tracts
Minimal 0 1 0 0
Degenerative hepatocyte
Minimal 0 0 0 0

A scoring system was used to assess liver pathology in haematoxylin and eosin-stained sections according
to hepatocellular necrosis, portal tract inflammation, and degenerative hepatocytes. The number of mon-
keys with minimal effect in each group are shown

conventional DC1 (cDC1) is paramount for 4-1BB agonists
to induce antitumour efficacy in the role of cross-priming
of CD8 T cells. On the other hand, CD40 agonists restore
c¢DC1 abundance, promotes maturation [27] and improves
the expansion of antigen-specific T cells [28]. Therefore,
preclinical data have provided a clear justification for the
simultaneous activation of CD40 and 4-1BB, making it a
promising strategy to boost the priming and expansion of
tumour-specific immunity.

Dendritic cells are central to the initiation of antigen-
specific immunity; thus, manipulation of DCs holds great
potential for inducing efficient antitumour immunity by
conditioning the tumour microenvironment and mediating
priming of antitumour T cells. In our study, XFab-o4-1BB/
CDA40L was confirmed to mature DCs in the absence of
exogenous innate immune stimuli (Fig. 2). In this regard,
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the advantage of the bispecific antibody lies in directing
4-1BB agonist activity to the area of matured DC, thereby
providing a focused stimulus for T-cell activation. Conse-
quently, XFab-oa4-1BB/CD40L-mediated crosslinking of
DCs and T cells could provide tangible value in activation
and amplification of antitumour responses based on T cells.
This has been confirmed by the treatment of MC38 and
MB49 tumours with XFab-a4-1BB/CD40L, which resulted
in the proliferation and activation of intratumoural T cells, as
shown by 4-1BB and PD-1 upregulation (Fig. 5). In addition,
subpopulations of T cells including effector memory (EM)
and central memory (CM) T cells were promoted, in line
with earlier work related to CD40 and 4-1BB agonists [29].

The crux of treatment of tumours with low T-cell infil-
tration is inducing the priming of T cells. Activation of
CDA40 on DCs enhances tumour antigen cross-presentation
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Fig.7 Pharmacodynamic study and liver function documentation
of repeat dosing of XFab-a4-1BB/CD40L in cynomolgus monkeys.
Cynomolgus monkeys were treated with repeated doses of XFab-o4-
1BB/CD40L at 20, 100, or 510 nmol/kg on days 0, 7, 14, 21, and 28.
Blood samples were collected on the indicated time points and ana-

and provides activation signals that mediate effective T-cell
priming [30]. This process can be bolstered by increasing
the availability of tumour antigens accessible for DC uptake
through therapeutic cancer vaccines, chemotherapy and radi-
otherapy. Numerous preclinical studies have supported the
critical role of CD40 activation in a vaccination setting for

lysed for immune cell subsets by flow cytometry. a Kinetic changes
in T cells and B cells (CD20%). The mean fold change compared with
predose +SD was shown. b Kinetic changes in liver function. Dotted
lines indicate normal range. n= 10 per group

tumour regression [31, 32]. Our study depicts that in human
transgenic mice immunised with ovalbumin protein, XFab-
a4-1BB/CDA40L reduced the growth of ovalbumin-express-
ing tumours as a prophylactic treatment. Moreover, in the
Panc02-bearing mice, gemcitabine cooperates with XFab-
o4-1BB/CD40L by spilling antigen, inducing more effective
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DC cross-presentation and T-cell activation, accompanied
by decreased regulatory T cells (Fig. 6). These data suggest
that XFab-a4-1BB/CD40L holds the promise to act as an
adjuvant and enhance antitumour efficacy of cancer vaccines
as both prophylactic and therapeutic treatments.

An intratumoural route of administration may provide
a feasible approach aiming to selectively direct CD40 and
4-1BB agonism to the tumour microenvironment. Earlier
studies revealed that intratumoural treatment was able to
induce abscopal effects characterised by systemic antitumour
T-cell activity and a long-term memory response with lower
toxicity [33]. In murine models with bladder cancer, local
CDA40 agonist administration led to accumulation in the
tumour-draining lymph nodes and the spleen, most likely
reflecting organs with CD40* immune cells, whereas sys-
temic administration led to higher concentrations in the
liver and blood [34]. In our study, greater tumour growth
inhibition was observed in mice treated with local low-dose
bispecific antibody (15 nmol/kg) compared with the even
higher dose (5 nmol/kg) delivered intravenously (Fig. 5),
implicating that systemic administration in this dose range
results in a low concentration of antibody in the tumour or
the lymph nodes, which is insufficient for T-cell activation.
Several studies have confirmed that TILs naturally express
high levels of 4-1BB and CD40 [19, 35]. Thus, an intratu-
moural route presents the advantage that agonist activity
is directed to areas with increased expression of both tar-
gets, imparting abundant signals for XFab-a4-1BB/CD40L
crosslinking.

An unwanted side effect of conventional bivalent bind-
ing molecules, such as IgGs, is the interaction with FcylIB
expressed by sinusoidal endothelial cells and macrophages
in the liver. Liver toxicity was previously reported with
4-1BB agonist mAbs, including urelumab on a human IgG4
backbone and utomilumab on IgG1 backbone [36], whereas
the bispecific antibody targeting 4-1BB/PD-L1 with no
Fc-mediated effector function, proved to be safe from liver
toxicity [5]. Beyond side effects, the antitumour efficacy
dependent on intratumoural FcyIIB expression on tumour-
associated myeloid cells and macrophages may arouse
several concerns in that cells varied in FcyR levels across
patients, making them a flimsy source of crosslinking-
dependent activation [37]. To overcome these problems, we
devised the bispecific antibody lack of Fc domain in nature
based on the XFab® platform. The a4-1BB component was
unable to induce 4-1BB signalling in the absence of CD40-
mediated crosslinking, which is a significant safety feature of
the protein. In cynomolgus monkeys, the bispecific antibody
is well tolerated up to 51 mg/kg in a repeated regimen.

In a preclinical model, the combination therapy of
CD40 and 4-1BB mAbs demonstrated a fourfold enhance-
ment in the antigen-specific T-cell response compared
with 4-1BB mAb alone [38]. These findings as well as the
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underpinning mechanism lay a solid foundation for the
bispecific framework simultaneously targeting these two
pathways. XFab-a4-1BB/CD40L acts as a bridge between
CD40-expressing APCs and 4-1BB-expressing T cells,
exerting superior activity for CD40 and 4-1BB signalling
and therefore resulting in DC priming and T-cell effector
functions.

In summary, we have developed an XFab-a4-1BB/
CD40L fusion protein, a bispecific antibody with a novel
mode of action and potentially improved efficacy for the
treatment of cancers. The XFab-o4-1BB/CD40L fusion pro-
tein was developed by Immunoah for the treatment of solid
tumours. The results presented herein illustrate that XFab-
a4-1BB/CD40L potently activates DCs and improves the
priming and expansion of antigen-specific T cells, which
subsequently leads to tumour growth inhibition in vivo. Our
data also support the notion that XFab-a4-1BB/CD40L is
a promising tool that acts as an adjuvant and enhances the
antitumour efficacy of cancer vaccines as both prophylactic
and therapeutic treatments.

Materials and methods

Preparation of XFab-a4-1BB/CD40L and control
therapeutic agents

The XFab-a4-1BB/CD40L fusion protein (IMB071703)
was designed based on the XFab® platform (patent no.
CN110669137B), using the following polypeptide chains:
(1) a VL from sytalizumab (patent no. CN108367075A)
fused to k chain followed by two ectodomains of CD40L
(from UniProtKB P29965) and (2) a VH from sytalizumab
fused to CHI from IgG1 followed by one ectodomain of
CD40L. Vectors of XFab-a4-1BB/CD40L were constructed
using recombinant DNA technology, and the constructed
vectors were stably expressed in CHO cells using a Gene
Pulser Xcell™ Electroporation Systems (Bio-Rad, USA) at
37 °C for 20 days in a CO, incubator equipped with a rotat-
ing shaker. Besides, the anti-4-1BB mAb, viz. sytalizumab,
and CD40L-Fc were used as control therapeutic agents.
Sytalizumab was a bivalent anti-4-1BB mAb in a human
IgG4 backbone developed by Immunoah. CD40L-Fc con-
sisted of two ectodomains of CD40L, each of which was
connected by an Fc domain from human IgG4.

Cell lines

If not indicated differently, all cell media and supplements
were obtained from Gibco by Life Technologies. HEK293T-
hu4-1BB cells were purchased from Genomeditech (#GM-
C05172) and HEK-Blue CD40L cells from InvivoGen
(hkb-cd40). HEK293T cells were obtained from KYinno
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Biotechnology (Beijing, China). The signalling reporter
cell line HEK-Blue CD40L was originally purchased from
InvivoGen. HEK-Blue 4-1BB was generated by transfec-
tion of HEK-Blue CD40L cells with hu4-1BB-encoding
plasmid DNA and cultured under 200 ug/mL hygromycin B
(InvivoGen, 10687010). HEK293T-huCD40 was generated
by transfection of HEK293T cells with huCD40-encoding
plasmid DNA and cultured under 200 ug/mL hygromycin B
(InvivoGen, 10687010).

B16-OVA MO4 mouse melanoma cell line (Sigma-
Aldrich, SCC420) was cultured in complete RPMI-1640
(Corning, 10-040-CV) supplemented with 10% (v/v) foetal
bovine serum. Mouse colon adenocarcinoma cell line MC38
(Kerafast, ENH204-FP) was cultured in complete DMEM
(Corning, 23-10-013-CV) supplemented with 10% (v/v)
foetal bovine serum (GeminiBio, 900-108). Mouse bladder
carcinoma cell line MB49 was cultured in RPMI-1640 with
10% foetal bovine serum. Mouse pancreatic ductal adenocar-
cinoma cell line Panc02 which was purchased from National
Infrastructure of Cell Line Resource, was cultured in com-
plete DMEM supplemented with 5% (v/v) foetal bovine
serum. Cell lines were analysed for authenticity using the
respective cell bank (using DNA fingerprinting techniques,
such as short tandem repeat profiling). All cell lines were
tested for mycoplasma using MycoBlue Mycoplasma Detec-
tor (Vazyme, China) and shown to be mycoplasma-free.

Biolayer interferometry (BLI)

Target binding affinity of the bispecific antibody was meas-
ured using biolayer interferometry on an Octet QK system
(ForteBio). Ni-NTA biosensors were loaded with recom-
binant human CD40 ECD fused to a His-tag (CD40-His,
10 pg/mL; Sino Biological, 10774-HO8H) or recombinant
human 4-1BB ECD fused to a His-tag (4-1BB-His, 10 pg/
mL; Immunoah, 20210528) diluted in PBS. After a base-
line measurement in PBS, a dilution series of the bispecific
antibody was injected for association and the dissocia-
tion phase monitored for 180 and 300 s, respectively. Data
were acquired using Data Acquisition Software (ForteBio,
v9.9.9.49d) and analysed with Data Analysis Software
(ForteBio, v9.0.0.14). Data were fitted with the 1:1 Global
Full fit model.

T-cell isolation

Peripheral blood mononuclear cells (PBMCs) were isolated
from buffy coats of healthy human blood donors (Beijing
Immunoah Pharma Tech Co., Ltd.) by density centrifugation
over a Ficoll-Paque gradient (Ficoll-Paque PLUS medium,
VWR, 17-5446-02). T cells were enriched from PBMCs by
immunomagnetic negative selection, using EasySep Human

T-Cell Isolation Kit (STEMCELL, 17951) and EasySep
Magnet (STEMCELL, 18000).

Cell-based binding assays

For the binding assays, HEK293-hu4-1BB cells (Genomed-
itech, GM-C05172) or HEK-Blue CD40L cells (InvivoGen,
hkb-cd40) were incubated with titrated concentrations of
XFab-04-1BB/CD40L for 30 min at 4 “C. The cells were
washed and incubated for 30 min at 4 'C in FACS buffer
containing 10 mL/test APC-conjugated anti-human Ig light
chain kappa antibody (BioLegend, 392708) before being
washed and resuspended in FACS buffer. HEK293T-hu4-
1BB and HEK293T-cy4-1BB were generated by transfec-
tion of HEK293T cells with hu4-1BB or cy4-1BB-encoding
plasmid DNA and cultured under 200 pg/mL hygromycin
B (InvivoGen, 10687010). If binding on B cells or 4-1BB-
expressing HEK293 T cells was performed, human, mouse,
or cynomolgus whole blood was incubated with biotin-con-
jugated XFab-oa4-1BB/CD40L followed by in-house red
blood cell lysis buffer. After washing, cells were incubated
with 10 ml/test PE-conjugated anti-streptavidin antibody
(BioLegend, 410504) for 30 min at 4 “C. Additional flow
cytometry detection antibodies for human CD20 or mouse
CD19 were added to allow gating on B cells.

Agonist activity assays

CD40 agonist activity was evaluated using HEK-Blue
CD40L reporter cells (InvivoGen, San Diego, CA, USA),
which served to measure the bioactivity of CD40L through
the secretion of embryonic alkaline phosphatase (SEAP)
upon NF-kB activation following CD40 stimulation. HEK-
Blue CD40L cells were cocultured with titrated concen-
trations of XFab-a4-1BB/CD40L fusion protein. 4-1BB
agonist activity was evaluated using HEK-Blue-hu4-1BB
cells, cocultured with or without HEK293T-huCD40 in the
presence of XFab-a4-1BB/CD40L. SEAP was subsequently
quantified with QUANTI-Blue Solution (InvivoGen, rep-
gbs2) by measuring the optical density at 620 nm using a
CLARIOstar Plus instrument (BMG LABTECH, Ortenberg,
Hessen, Germany).

Maturation of dendritic cells

Monocyte-derived dendritic cells (All Cells, PB-DCOO01F-
C) were incubated with dilution series of XFab-a4-1BB/
CD40L or cytokines (4000 U/mL IL-6 (Peprotech, 200-
06), 40 ng/mL IL-1f (Peprotech, 200-01B) and 40 ng/mL
TNF-a (Peprotech, 300-01A) in serum-free DC medium
(Nobimpex, 0295Z7) for 48 h. Upregulation of the matu-
ration markers CD86 and HLA-DR was analysed by flow
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cytometry. Secretion of IL12p40 was measured by human
IL12p40 ELISA kit (MULTISCIENCES, EK1183).

Mix-lymphocyte reaction (MLR) assays

For MLR assays, monocyte-derived dendritic cells were cul-
tured in serum-free DC medium supplemented with 1000 U/
mL GM-CSF (Peprotech, 300-03) and 500 U/mL IL-4 (Pep-
rotech, 200-04) in suspension culture flasks. Fresh GM-CSF
and IL-4 were supplied as appropriate. After 5 days, 2 mg/
mL ovalbumin (OVA; Sigma-Aldrich, A5503) was added
and incubated for 4 h. OVA-loaded DCs were then incu-
bated in serum-free DC medium supplemented with 4000
U/mL IL-6, 40 ng/mL IL-1f and 40 ng/mL TNF-a for 48 h
to obtain mature DCs prior to MLR assays. T cells (2x 10
cells/well) labelled with CellTrace Violet Cell Proliferation
Kits (ThermoFisher, C34571) were cocultured with OVA-
loaded mature DCs (1 10° cells per well) in the presence
of titrated bispecific antibodies or control antibodies in a
96-well culture plate for 10 days. T-cell proliferation and
activation were analysed by flow cytometry. Confocal
images were captured on a 24-well imaging plate (Cellvis,
P24-1.5H-N) using a Nikon AX confocal laser microscope
(Nikon, Tokyo, Japan).

Expansion of antigen-specific T cells in a vaccination
mouse model

Immunocompetent human 4-1BB/CD40 transgenic mice
(C5TBL/6-Tnfrsf9"I(INFRSES) 4011 (CD40)/Bcgen) were
purchased from (Biocytogen, Beijing). The expansion of
ovalbumin (OVA)-specific T cells was studied in OVA vac-
cination models. The mice were immunised with 12.5 mg/
kg OVA (Sigma-Aldrich, A5503) or vehicle intradermally
on 7 occasions. Additionally, the mice were administered
indicated doses of XFab-a4-1BB/CDA40L or 1.25 mg/kg poly
(I:C) (Sigma-Aldrich, P1530) intradermally on the same day.
Whole blood samples were collected for flow cytometry. On
day 24, mice were subcutaneously inoculated with 5x 10
B16-OVA cells in the right flank. Tumour growth was con-
tinuously measured by calliper measurement (tumour vol-
ume [mm?]=0.5x [length] x [width]?. Tumour single-cell
suspensions were analysed by flow cytometry on day 50.

In vivo antitumoural effect

Six to eight-week-old human 4-1BB/CD40 transgenic mice
were implanted subcutaneously into the flank with MC38
or MB49 cells at 2.0 x 10° cells per mouse on study day
0. When tumours were approximately 50-90 mm?, the
mice were administered vehicle (PBS) or XFab-a4-1BB/
CD40L. For the combination therapy experiment, 2.0 10°
Panc02 cells were inoculated, and the mice were treated
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with gemcitabine alone or in combination with XFab-o4-
1BB/CD40L. Tumour growth was monitored three times per
week. At the end of the experiment, flow cytometry was used
to determine the number of T-cell subsets.

Flow cytometry staining

Dead cells were stained in all experiments using the Zombie
Aqua Fixable Viability Kit (423101, BioLegend) for differ-
entiation. Cell surface markers were stained with specific
antibodies for 30 min at 4 °C in the dark. Intracellular mark-
ers were stained using antibodies for 45 min at 4 °C after the
cells were fixed and permeabilised using a permeabilisation
buffer (421002, BioLegend). Data were acquired using a
NovoCyte Flow Cytometer System (Agilent, Santa Clara,
CA, USA) and analysed using NovoExpress software.

Antibodies listed for cell-marker staining were purchased
from BioLegend: anti-mouse CD3 FITC (100204), anti-
mouse CD4 APC/Cy7 (100414), anti-mouse CD8 BV510
(102042), anti-mouse CD44 PE/Cy7 (103030), anti-mouse
CD45 PerCP/Cy5.5 (103132), anti-mouse CD62L. BV421
(104436), anti-mouse CD279 APC (109112), anti-human
CD137 PE/CyS5 (309804), anti-human CD20 APC (302310),
anti-human CD86 (305412), anti-human HLA-DR PE
(327008), anti-human CD3 FITC (300406), anti-human
CD4 APC/Cy7 (357416), anti-human CD8 APC (301014),
and anti-human CD25 PE/Cy7 (302612). Other antibodies
include H-2 Kb OVA Tetramer-SIINFEKL (TS-5001-1C,
MBL International), anti-mouse CD8 FITC (D271-4,
MBL International anti-mouse), and anti-human Foxp3 PE
(320008, Invitrogen).

In vitro cytokine release assay

PBMCs (1 x 10° cells/well) were incubated with the indi-
cated concentrations of bispecific antibody in 96-well cell
culture plates for 24 h at 37 C. Cytokines in the supernatants
were measured using Human XL Cytokine Luminex® Per-
formance Panel Premixed Kit (R&D Systems, FCSTM18B)
on a Luminex 200 System.

Toxicity and immune stimulation in non-human
primates (NHPs)

Immunophenotyping of peripheral blood was performed to
assess peripheral lymphocyte subpopulations by flow cytom-
etry. Plasma samples were analysed for cytokines using NHP
XL Cytokine Luminex® Performance Panel Premixed Kit
(R&D Systems, FCSTM21) on a Luminex 200 System.
For toxicology study, single-dosing groups of vehicle
or 765 nmol/kg intravenous infusions were presented (2/
group). The repeat-dosing groups consists of animals (10/
group) receiving five infusions of XFab-a4-1BB/CD40L
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on days 0, 7, 14, 21, and 28. The study was terminated
35 days after the first administration of repeat-dose ani-
mals and 15 days after the administration of single-dose
animals.

Liver toxicity assessment was conducted for the repeat-
dose animals, where liver samples were taken at necropsy
for histological assessment on day 35. Liver samples were
sectioned and subjected to histopathological evaluation
via haematoxylin and eosin staining. Liver sections were
scored by a certified pathologist for pathology.

Statistical analysis

GraphPad Prism 9.00 was used for statistical analysis.
ECj5, values were determined using nonlinear regression
curve, fit variable slope (four parameters), and least-
squares fit. Data are shown as mean with SD or SEM. The
statistical tests used are indicated in the figure legends for
each experiment. P values are indicated by asterisks as
*<0.05, ¥*<0.01, ¥**¥%0.001, ****0.0001.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-023-03535-y.
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