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ABSTRACT

Introduction: CD40 signaling activates dendritic cells leading to improved T cell priming against tumor
antigens. CD40 agonism expands the tumor-specific T cell repertoire and has the potential to increase
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the fraction of patients that respond to established immunotherapies.

Areas covered: This article reviews current as well as emerging CD40 agonist therapies with a focus on
antibody-based therapies, including next generation bispecific CD40 agonists. The scientific rationale
for different design criteria, binding epitopes, and formats are discussed.
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Expert opinion: The ability of CD40 agonists to activate dendritic cells and enhance antigen cross-
presentation to CD8" T cells provides an opportunity to elevate response rates of cancer immunothera-
pies. While there are many challenges left to address, including optimal dose regimen, CD40 agonist
profile, combination partners and indications, we are confident that CD40 agonists will play an
important role in the challenging task of reprogramming the immune system to fight cancer.

1. Introduction

One of the key immuno-oncology challenges is to increase the
quantity and quality of tumor-infiltrating T cells in non-
inflamed tumors [1,2]. In many patients, deficient T cell prim-
ing may be responsible for the lack of T cells in the tumor
microenvironment (TME) [3]. CD40 provides an opportunity to
kick-start the cancer-immunity cycle and promote the priming
of tumor-specific T cells [4,5].

CDA40, a 48 kDa transmembrane cell surface glycoprotein, is
a co-stimulatory receptor belonging to the tumor necrosis
factor receptor (TNFR) superfamily [6,7]. CD40 is expressed in
diverse cell types and can be detected on antigen-presenting
cells (APC), including dendritic cells (DC), B cells, and macro-
phages. In addition, CD40 is expressed on granulocytes,
endothelial cells, smooth muscle cells, fibroblasts, and epithe-
lial cells [6-9]. Consistent with its widespread expression on
normal cells, CD40 is also present on the membranes of a wide
range of malignant cells, including non-Hodgkin and Hodgkin
lymphomas, myelomas, and certain types of carcinomas,
including those of the nasopharynx, bladder, cervix, kidney,
and ovary [7,10].

CD40 interacts with a single ligand, CD40L (CD154),
a transmembrane protein that is expressed by activated
T cells, but also on B cells, platelets, mast cells, macrophages,
basophils, natural killer (NK) cells, and non-hematopoietic cells
(smooth muscle cells, endothelial cells, and epithelial cells)
[7,9]. The binding of CD40 to CD4O0L, as part of a cell-cell
interaction, activates an intracellular signal transduction path-
way that involves a series of adapter molecules known as
TNFR activation factors (TRAF). To initiate this intracellular
signal transduction, multiple CD40 receptor trimers must

form a higher order cluster on the cell membrane [8,11]. The
CDA40 clustering forms a signaling complex that allows multi-
ple TRAF to assemble, which in turn leads to the activation of
downstream transcription factors, including NFkB [7,12].

The molecular consequences of CD40 signaling depend on
the cell type expressing CD40 and their microenvironment
[13]. The ‘licensing’ of APC, in particular DC, results in up-
regulation of membrane co-stimulatory molecules and MHC,
as well as the production of pro-inflammatory cytokines
[14,15]. Thus, CD40 is involved in the functional maturation
of APC and consequently the activation of antigen-specific
T cells [16,17]. CD40 also plays a role in humoral immunity
by activating resting B cells and by increasing their antigen-
presenting function [13,18]. Moreover, CD40 is involved in the
induction of innate immunity through stimulation of cells such
as macrophages, granulocytes and NK cells [19].

Monoclonal CD40 agonist antibodies are believed to trigger
anti-tumor effects via two distinct mechanisms: (i) tumor-
specific immune activation; and (ii) direct tumoricidal effects
via e.g. apoptosis, antibody-dependent cellular cytotoxicity
(ADCC), and/or complement-dependent cytotoxicity (CDC)
[20]. Treatment with CD40 agonists induces activation of sev-
eral different immune cells that contribute to the anti-tumor
immune response. T cells, and in particular cytotoxic
T lymphocytes (CTL), are essential for the anti-tumor effects
induced by CD40 agonists, as demonstrated in a range of
preclinical models [21-24]. Activation of DC and subsequent
priming of T cells likely plays a central role, as the presence of
antigen cross-presenting DC is required for the anti-tumor
effects of CD40 agonist treatment in T cell-dependent models
[25-28]. NK cells are also capable of cytotoxic killing of tumor
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anti-tumor immune responses has been shown in preclinical
Article highlights models, where mice deficient in Batf3 and thereby lacking
e (D40 addresses a key need in immuno-oncology by enabling activa- cross-[:?resentlng DC (CPC”’ show |mpa-|red rejection of immu-
tion and expansion of tumor-specific T cells nogenic tumors and fail to respond to immunotherapy due to
e The biological effects of CD40 agonists are determined by their impaired priming of tumor-targeting CTL [33,34]. In accor-
binding epitope as well as their Fc format dance with these data, the presence of cross-presenting DC
¢ By acting on dendritic cells and the myeloid cell compartment, CD40 X . N T - .
agonists provide attractive combination opportunities with, for exam- in human tumors correlates with CD8™ T cell infiltration and is
ple, chemotherapies, vaccines and checkpoint inhibitors associated with better prognosis as well as better response to
. Key. cI|n|ca] challenges are'thg identification of target indications, immunotherapy [35,36]. Signaling through CD40 on DC
dosing regimens and combination partners X 7 R . i
 Novel approaches to target CD40 include bispecific antibodies allow- induces activation of the antigen presentation machinery
ing tumor-directed target activation or neoantigen-selective T cell and upregulation of co-stimulatory molecules such as CD80
priming and CD86, thereby improving the capacity of the DC to pre-
This box summarizes key points contained in the article. sent antigen to and activate T cells [27,37] (Figure 1), and to
produce cytokines, notably IL-12, that helps shape the T cell
response.

CD40 expression can be detected on all blood DC, with the
cells, and have been shown to contribute to the reduction in  highest expression found on a subpopulation referred to as
tumor growth in response to a CD40 agonist [29]. B cells ¢DC1 [38,39]. Recent studies have focused on the role of cDC1
activated through CD40 can further add to the anti-tumor in driving T cell responses to tumors, demonstrating
immune response by presenting antigen to T cells and produ- a potential for CD40 agonists alone or in combination with
cing tumor-targeting antibodies [30,31]. Additionally, CD40 other therapies in enhancing cDC1 priming of tumor-targeting
agonists have been found to convert tumor-associated macro- T cells [40-42]. Single-cell RNA sequencing studies confirm the
phages (TAM) to activated macrophages with anti-tumor presence of cDC1 with the potential to respond to CD40
properties that can promote tumor shrinkage, independent agonists in primary tumor tissue [42-44]. Targeting CD40 on
of T cells [25-28]. DC therefore has the capacity to expand the tumor-specific
T cell pool, and potentially represents a way to treat immuno-
logically ‘cold’ tumors.

2. Anti-tumor effects induced by CD40 signaling in

different CD40-expressing cell populations

2.1. Dendritic cells 2.2. Monocytes and macrophages

DC are the most important APC for the generation of antigen- Monocytes and macrophages also express CD40 and may
specific T cell responses [32]. Their central role in inducing promote immune responses against tumors. Indeed, the
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Figure 1. Different approaches to target CD40 in immuno-oncology.



murine anti-CD40 surrogate antibody FGK45 was shown to be
capable of mediating anti-tumor activity involving macro-
phages, independent of T cell and NK cell function [25].
However, the effects of CD40 agonists on macrophages and
other myeloid cell populations also result in increased produc-
tion of IFN-y and CCL5, which promote improved influx of
T cells to the tumor [45].

Several studies have indicated that CD40 agonist antibo-
dies can convert TAM into activated macrophages with an
anti-tumor phenotype (Figure 1). FGK45 interacts with TAM
following treatment in vivo, and results in their increased
expression of MHCII and CD86 [26]. Similar effects have been
observed on CD11b™ F4/80" macrophages in the spleen [46],
and the liver, where the treatment may result in hepatotoxicity
due to the strong effect on macrophages [47,48]. Interestingly,
aged and obese mice were shown to be more susceptible to
systemic toxicity after immunotherapy such as anti-CD40, and
it was further demonstrated that macrophages were the cells
primarily responsible for these effects [49,50]. Macrophage-
mediated hepatotoxicity following anti-CD40 treatment was
later shown to be alleviated by combination treatment with
anti-CSF-1R antibody, which blocked CSF-1R signaling sup-
porting differentiation, proliferation and function of mono-
cytes and macrophages [48]. Combination therapy with anti-
CD40 and anti-CSF-1R is currently being explored in clinical
studies [51].

2.3. Bcells

CD40-activated B cells in tumor-bearing mice are capable of
presenting antigens to T cells, as well as activating T cells
in vitro, and improving anti-tumor T cell responses in vivo.
This is an MHC Il-dependent process, indicating a role for
T cell priming by B cells [52]. Still, data on the role of tumor-
infiltrating B cells in cancer progression is conflicting and
indicate both positive and negative effects in response to
CD40 activation [30,53,54].

CD40 agonists induce a rapid reduction of circulating B cells
in mice [55,56], non-human primates, and humans [57-64]. This
effect appears to be due to margination of activated B cells to
secondary lymphoid organs [56], rather than ADCC or antibody-
dependent cellular phagocytosis (ADCP), as the effect is not
restricted to antibodies that engage activating Fc gamma recep-
tors (FcyR). In humans, CD19* B cell levels are transiently
reduced in the blood following intravenous administration of
CD40 agonists of both IgG1 and IgG2 isotype, while a dose-
dependent upregulation of co-stimulatory molecules can be
observed on remaining B cells [65].

2.4. Tumor cells

CD40 was originally identified through an antibody raised
against urinary bladder carcinoma [66,67]. CD40 is expressed
on several other carcinomas and lymphomas and CD40 anti-
bodies may have a direct apoptotic effect on CD40-expressing
tumors [68]. However, on certain types of CD40-positive lym-
phomas, for example, mantle cell lymphomas and follicular
lymphomas, CD40 stimulation demonstrates a proliferative
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effect [69,70]. CD40 agonist treatment of lymphomas may
thus require a biomarker-based selection strategy [71].

2.5. Endothelial cells and epithelial cells

CDA40 is also expressed on endothelial cells [72]. The functional
effects of CD40 agonists on endothelial cells are complex and
not fully elucidated and may enhance leukocyte adhesion and
increase therapeutic efficacy [73,74], but also result in VEGF
upregulation [75]. It has been demonstrated that tumor
endothelial cells contribute to an IFNy-driven feedback loop
upon CD40 stimulation; however, this mechanism may be
shared by other modalities that induce IFNy [76].

Further, while CD40 is expressed at very low levels on
normal epithelial cells, it is also upregulated on epithelial
cells in inflamed tissues, for example, in inflammatory bowel
disease [77].

3. Clinical development of CD40 agonistic
antibodies

3.1. Assessment of clinical efficacy

Several CD40 agonistic antibodies, as well as soluble CD40L,
have been evaluated in the clinic over the years. Promising
single-agent effects have been reported in clinical studies with
dacetuzumab (also known as SGN-40) in patients with non-
Hodgkin lymphoma [78,79]. In addition, selicrelumab (also
known as CP-870,893) induced immune-activating effects, as
well as signs of clinical activity, in a dose escalation study of
single intravenous doses in 29 patients with advanced solid
tumors [65]. Further, Beatty et al. demonstrated an increase in
progression-free survival when administering selicrelumab
once every three weeks to 22 patients with pancreatic adeno-
carcinoma [26,80]. Mitazalimab (also known as ADC-1013 or
JNJ-64457107) demonstrated early signs of clinical activity in
a phase 1 dose escalation study in solid tumors with one
partial response [61]. Sotigalimab (also known as APX005M)
and Chi Lob 7/4 reported stable disease as the best response
in phase 1a studies [81-83]. In addition, a phase 1 study using
recombinant human CD40L in cancer patients provided early
signs of clinical activity [84].

3.2. Assessment of clinical safety and tolerability

The safety profile of CD40 agonist antibodies has been evalu-
ated in several clinical studies in cancer patients. Overall, CD40
agonist antibodies are well tolerated, but display different max-
imum tolerated doses (MTD), or recommended phase 2 doses,
depending on their binding epitope, affinity and Fc domain
[26,62,65] (Table 1). For example, the FcyR-independent anti-
body selicrelumab induced cytokine release at relatively low
dose levels and had an MTD of 0.2 mg/kg. This antibody was
further associated with transient decreases in peripheral lym-
phocytes, monocytes and platelets, and elevations in serum liver
transaminases and total bilirubin [78,79,85,86]. At the other end
of the spectrum, the cross-linking-dependent partial agonist
dacetuzumab was found to be well tolerated up to 840 mg
(12 mg/kg), while Chi Lob 7/4 was tolerated up to 160 mg
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Table 1. CD40 agonist antibodies currently in clinical development.

Mitazalimab CDX-1140 Selicrelumab
[23,59,61] Sotigalimab [83,87,109] ABBV-927 [110] [57,88,89] SEA-CD40 [63,111] [62,65,80,90,91]
19G subclass 19G1 19G1 IgG1 19G2 19G1 19G2
Fc modification None S267E mutation; increased FcyRIlb  V273Y mutation; increased FcyRIlb  None Afucosylated; None
binding, reduced FcyRllla binding, reduced FcyRllla increased FcyRllla
binding binding binding
CD40 epitope D1b D3/4 NR D1 D1b Di1a
CD40L block Partly Yes NR No No No
FcyR-dependent  Yes Yes Yes No NR No
RP2D range 0.9-1.2 mg/ 0.1-0.3 mg/kg NR 1.5 mg/kg 0.06 mg/kg 0.2 mg/kg
kg
In vitro efficacy High High ND Weak High High
In vivo activity Yes Surrogate data only ND Yes Yes Yes, toxic
Clinical PoM Yes Yes NR Yes Yes Yes
Response as single Low None NR Low None Low
agent in Phase
la
Clinical stage I/ Il | I/ | 1/

RP2D, recommended phase 2 dose; NR, not reported; ND, no data; PoM, proof of mechanism

(2.3 mg/kg) [78,79,85,86]. It is likely that FcyR-independent CD40
agonists, such as selicrelumab, will mediate systemic immune
activation resulting in a non-optimal therapeutic window (dis-
cussed in detail in section 4).

3.3. Combination therapy, the current focus of CD40
agonists in clinical development

To improve the clinical activity of CD40 agonists, and to
provide treatment opportunities for indications with poor sur-
vival outcome, combination studies with other agents are
currently being evaluated in the clinic [92] (discussed in detail
in section 5). Combination with chemotherapy in pancreatic
cancer is ongoing with several CD40 agonists (ABBV-927, soti-
galimab, CDX-1140, SEA-CD40 and selicrelumab). Promising
preliminary data was recently presented from a phase 1b
clinical study with sotigalimab in patients with pancreatic
cancer, in combination with gemcitabine and nab-
paclitaxel [82]. Further, mitazalimab will be evaluated in meta-
static pancreatic cancer in combination with mFOLFIRINOX,
supported by promising preclinical data [93]. Other combina-
tions under assessment include anti-CTLA-4 and anti-PD-1,
VEGF inhibitors, anti-CSF-1R, Flt3 ligand, cancer vaccines, and
radiotherapy [92].

4. The activity of CD40 agonistic antibodies is
determined by their Fc domain and binding epitope

4.1. The role of Fc domain and FcyR engagement for
CD40 agonists

For most CD40 agonist antibodies, formation of superclusters
and the associated agonistic activity depends on engagement
with FcyR [94-97]. There are exceptions to this, such as the
IgG2 antibody selicrelumab, which activates CD40 indepen-
dently of FcyR engagement [98]. In fact, many CD40 antibo-
dies would be capable of activating CD40 in the absence of
FcyR engagement if produced in an IgG2 format [98,99], an
effect related to the rigidity of the hinge region. Especially the
IgG2b variant activates strongly without the need for FcyR
binding [98,99]. The antibody CDX-1140 has been designed

based on this principle and activates CD40 in the absence of
FcyR cross-linking, albeit with lower efficacy than selicrelumab
[57]. However, most CD40 agonistic antibodies, such as ABBV-
927, sotigalimab and mitazalimab are dependent on FcyR
engagement for their activity.

The Fc domain of CD40 agonists also determines the envir-
onment where they will mediate their maximal effect.
Commonly used human IgG variants, such as IgG1, IlgG2 and
IgG4, differ in binding affinity to the different FcyR [100]. This
provides an opportunity to direct the activity of anti-CD40
antibodies to different compartments and to induce maximal
anti-tumor activity with minimal systemic adverse effects.
While data from mouse models suggest that FcyRllb is impor-
tant for the agonistic activity of anti-CD40 antibodies
[52,53,58], this could be explained by the high density of
FcyRllb in mice [101]. As a comparison, full activity can be
achieved in vitro by cross-linking CD40 antibodies to any
structure that allows efficient superclustering [94]. The subject
is further complicated by the fact that engagement of FcyR
may induce effector functions such as ADCC, ADCP and CDC
[102]. While this may add to efficacy due to direct cytotoxic or
phagocytic activity on CD40-expressing tumor cells, there is
also a risk for reduced efficacy due to such effects on APC.
However, potential ADCC of CD40-expressing DC does not
appear to negatively affect the outcome in vivo [95], and
there is no apparent depletion of DC following treatment
with ADCC-competent CD40 agonists [94]. In addition,
engagement with FcyRIlb mediates immune-inhibitory signals
that may counteract the immune-stimulatory effects [103].

Preclinical efforts aimed at guiding the selection of the
optimal Fc domain for CD40 agonists are hampered by the
differences in 1gG types and FcyR in mice and humans, in
terms of expression levels [104], tissue distribution, and affi-
nity. Mice with humanized FcyR have been generated to
address these differences [101], but these models do not
address the fundamental issue with differences in biodistri-
bution and receptor density in different compartments
between mice and humans, or the impact of endogenous
IgG levels competing with binding to FcyR [105]. Indeed,
a complicating factor is the concentration of free IgG in
different compartments, as the levels of IgG determine the



amount of FcyR available for engagement by CD40 antibo-
dies. IgG is one of the most abundant proteins in the body,
with a normal IgG concentration in human plasma of approxi-
mately 10 g/L [106]. The pools of FcyR in the circulation and
extravascular tissues are therefore already saturated (FcyRI),
or nearly saturated (FcyRlIl), by endogenous IgG [107]. Thus,
the availability of FcyR engagement will depend not only on
their affinity for different Fc domains, but also the concentra-
tion of free IgG in each compartment. However, mouse mod-
els are, to some degree, translational when it comes to safety
parameters, such as ASAT/ALAT, cytokine release and liver
function [108].

4.2. Format, function and affinity for FcyR of CD40
agonist antibodies in clinical development

The FcyR-dependent human CD40 agonist antibodies in clin-
ical development are all IgG1 isotype antibodies, but can be
subcategorized based on their Fc modifications (Table 1).
ABBV-927 and sotigalimab both have mutations in their Fc
region (V273Y for ABBV-927 and S267E for sotigalimab), which
increase their affinity for FcyRIlb and FcyRlla and decrease
their affinity for FcyRllla [109,110]. Mitazalimab is a wild type
IgG1, with natural affinity to the different FcyR. Finally, SEA-
CDA40 is an afucosylated IgG1 with increased affinity to FcyR in
general and FcyRllla in particular [63]. The activities of the
antibodies in these subcategories differ based on the accessi-
bility of FcyR in different compartments. As FcyRllb is mostly
expressed on B cells, ABBV-927 and sotigalimab are both
expected to be more active in areas with a high frequency
of B cells, for example, the blood or the B cell zones in
secondary lymphoid organs. The increased affinity to FcyRllb
will improve their ability to compete with endogenous IgG in
the circulation and thus increase activation of CD40 receptors
in the blood. The higher activity of sotigalimab in the blood
may explain its low phase 2 dose (0.1-0.3 mg/kg) compared to
the wild-type 1gG1 antibody mitazalimab (1.2 mg/kg). In con-
trast, mitazalimab will be active in areas with high levels of
FcyRIl and FcyRIIl and thus have a lower activity in the blood,
but potentially a higher activity in the TME. Although mitaza-
limab is tolerable at higher dose levels compared to sotigali-
mab, the pharmacodynamic biomarker response in patients is
very similar [61,82]. In vitro studies performed by Filbert et al.
[109], show large differences in potency between sotigalimab
and mitazalimab. This is, however, not in accord with previous
studies demonstrating strong immune activation with mitaza-
limab in vitro [23]. The differences are likely due to variations
in assay set up and availability of FcyR. The similar pharmaco-
dynamic responses of these antibodies in the clinical setting
[61,82], also indicate that the in vitro comparison by Filbert
et al. [109], are of limited translational relevance. The very low
MTD of SEA-CDA40, 0.06 mg/kg, may be due to its high affinity
for FcyR [111], which would allow SEA-CD40 to efficiently
outcompete free IgG1 from FcyR in the blood.

In summary, the net effect of CD40 activation and FcyR
cross-linking will likely depend on: i) the distribution of cells
expressing CD40 and cells expressing the relevant FcyR; ii) the
intrinsic properties of the antibody mediating CD40 receptor
clustering; and iii) the FcyR density and the sensitivity of
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different populations of immune cells to ADCC/ADCP/
CDC [81].

4.3. Epitope specificity

The role of the binding epitope of various anti-CD40 antibo-
dies, and whether their ability to block the interaction
between CD40 and CD40L affects their agonist activity, has
been thoroughly studied [112,113]. However, understanding
of the optimal binding epitope, and whether blocking the
CD40L binding site affects anti-tumor efficacy, is still limited.
sotigalimab and mitazalimab both bind to epitopes that com-
pletely or partially overlap with the CD40L binding site (Table
1). Sotigalimab binds closer to the cell membrane [109], while
mitazalimab binds to the distal domain (D1b) on CD40
[23,114] (Table 1). Selicrelumab binds an epitope located on
the outer A-module of the membrane proximal domain (D1a),
that is distinct from the epitope of mitazalimab [112].
Generally, it is believed that binding epitopes closer to the
membrane are associated with lower efficacy, while more
distal binding is associated with higher activity. Epitope-
driven Fc-independent activation of CD40 is associated with
binding to the most distal parts of CD40 (D1a) [112]. Further,
antibodies that bind to CD40 without interfering with the
binding of CD40L may enhance CD40L-mediated stimula-
tion [115].

In conclusion, epitope binding and the choice of Fc domain
generally determine the agonistic activity of anti-CD40 anti-
bodies [106,112]. By changing the Fc domain, a CD40 antago-
nist (that blocks the CD40L binding site) can be converted into
an agonist [113]. However, this is likely context-dependent,
and affected by the choice of Fc domain.

5. Prospects of combining CD40 agonist antibodies
with other cancer therapies

CDA40 agonist antibodies have demonstrated moderate clinical
activity as single-agent therapies and combination therapies
will likely be required to unleash the full potential of CD40
targeting in oncology. The key role of CD40 in enhancing
T cell priming provides opportunities for a multitude of com-
bination therapies and several combinations have been eval-
uated in preclinical models [116]. Below, some of the clinically
relevant combinations are discussed.

Firstly, therapies that increase the amount of relevant
tumor antigens are likely to be synergistic with CD40 antibo-
dies. This includes cancer vaccines as well as therapies result-
ing in direct tumor killing, such as chemotherapy,
radiotherapy, but also antibody-drug conjugates (ADC) and
tyrosine kinase inhibitors (TKI). Secondly, immunotherapies
that activate T cells and protect from tumor-induced T cell
suppression, such as immune checkpoint inhibitors (ICl) and T
cell agonists, could enhance the ability of newly primed
tumor-specific T cells to reach and kill tumor cells. Finally,
CD40 agonist antibody therapies could also benefit from com-
binations with anti-angiogenic therapies that enhance T cell
trafficking, promote access of immune cells to the TME and
enhance DC maturation and antigen presentation in the
tumor.
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5.1. Combinations that increase antigen load

5.1.1. Vaccines

Strategies for improving immune responses to cancer vaccines
by targeting CD40 have been explored in preclinical studies.
Early reports demonstrated a key role for the interaction
between CD40 and CDA40L in the induction of immune
responses to cancer vaccines [117], such that CD40 activation
improved CTL responses to peptide vaccines and resulted in
improved eradication of tumors [118]. Delivering vaccines to
DC via CD40 antibodies with peptide vaccines chemically
linked to the antibody, resulted in superior CD8" T cell priming
when compared to targeting of other receptors such as var-
ious c-type lectins, mannose receptors, and integrins [119,120].
Further, the importance of CD40 activation in a cancer vacci-
nation setting has been confirmed in various other preclinical
models [121-124].

Mitazalimab was recently demonstrated to result in expan-
sion of antigen-specific CD8" T cells in vivo. In human CD40
transgenic mice immunized with ovalbumin peptide, mitazali-
mab reduced growth of ovalbumin-expressing tumors both as
prophylactic and therapeutic treatment [55]. Thus, CD40 ago-
nists such as mitazalimab have the potential to act as adju-
vants and could greatly improve the anti-tumor efficacy of
a cancer vaccine. CDX-1140 in combination with a melanoma
vaccine is currently the only clinical study assessing this
potential synergy (NCT04364230). In addition, CD40 agonists
have also been shown to improve T cell responses to non-
tumor antigens such as HIV antigens and vaccines to infec-
tious pathogens [32,125,126].

5.1.2. Chemotherapy

In immunologically ‘cold’” tumors, characterized by low
immune cell infiltrates and a low expression of tumor neoanti-
gens, chemotherapy combined with CD40 agonist antibody
can improve anti-tumor responses by enhancing immunogeni-
city and dampening immunosuppression. This has been
demonstrated in models of pancreatic cancer, where adminis-
tration of CD40 agonist antibody following chemotherapy
resulted in cancer cell death, tumor shrinkage, and extended
survival [127]. Pancreatic cancer is classified as a ‘cold’ tumor
due to its low infiltration of effector CD8* T cells which are
blocked by the desmoplastic tumor stroma surrounding the
tumor [128]. Further, the desmoplastic stroma, in addition to
functioning as a physical barrier to chemotherapy and
immune cell infiltration, also hosts tumor fibroblasts and sup-
pressive myeloid cells that dampen the immune response in
the TME [128]. By activating and redirecting the immunosup-
pressive macrophages into tumoricidal macrophages in the
TME [26,28,128], CD40 agonists have the potential to augment
the response to chemotherapy and initiate an effective
immune reaction by i) stimulating DC and priming T cells
reactive to the tumor neoantigens released by the chemother-
apy; and ii) inducing degradation of fibrotic stroma surround-
ing the tumor, thereby enhancing the tumor penetration and
effect of chemotherapies [28].

5.2. Combinations with T cell activators

Despite the improvements achieved with the use of ICl, the
majority of cancer patients do not respond to these therapies.
However, there is growing evidence that combining ICI with
other forms of immunotherapy has great potential to improve
the efficacy. CD40 agonists combined with ICl, such as anti-PD
-1 or anti-CTLA-4 antibodies, have shown synergistic effect on
the induction of T cell immunity and anti-tumor responses in
several preclinical tumor models, including otherwise
immune-resistant tumors [129-131].

5.3. Combination with anti-angiogenic therapies

Another approach to improve T cell immunity is to combine
CD40 agonists with agents targeting the growth factors within
the angiogenesis pathway, with the aim to block angiogenesis
as well as to reduce immunosuppression in the TME [132]. The
combination of anti-CD40 with either antibodies or TKI inhibit-
ing the VEGF-A pathway, affects angiogenesis, improves DC
maturation and reduces accumulation of myeloid-derived sup-
pressor cells in preclinical tumor models. Collectively, these
effects contribute to increased infiltration of CTL in tumors
and reduced tumor growth [133,134]. Adding an angiopoietin
2-blocking antibody to this combination also repolarized immu-
nosuppressive TAM into M1-like macrophages, which resulted
in an even further improved anti-tumor response [133].

5.4. Other combination opportunities

Additional opportunities include combinations with agents
that directly or indirectly provide additive effects on DC,
such as CSF-1R inhibitors [51,135], TLR agonists [136-138],
Flt3 ligand [40,139,140], and cytokines such as IL-2 [141], and
IL-15 [142,143].

6. Dosing and administration route of CD40
agonistic antibodies

No consensus has yet been reached on the optimal target
compartment and dosing frequency of CD40 agonist antibo-
dies. Some data indicate that circulating myeloid cells may be
an ideal target population [26]. However, activation of DC
residing in the tumor or the tumor-draining lymph nodes
could potentially be more relevant target cells as these are
more exposed to tumor neoantigen. An understanding of
which compartment should be targeted is relevant as this
influences the interpretation of biomarkers and their utility
for dose selection. Studies have demonstrated a bell-shaped
curve for the pharmacodynamic biomarker response to CD40
agonist antibodies in the circulation, which has been used as
a basis for selecting recommended phase 2 doses [144].
However, preclinical data do not suggest a bell-shaped dose
response when measuring anti-tumor efficacy [145], which
may reflect activation of DC in the tumor where the antibody
concentration in the interstitial fluid can be much lower com-
pared to the circulation [145]. It could thus be argued that



higher dose levels, within a range where the target is fully
saturated in the circulation, would likely be required to effi-
ciently activate CD40 in the TME [13].

Another aspect that affects the exposure in the target com-
partment is the route of administration. In most clinical studies
on CD40 agonist antibodies, the antibody has been intrave-
nously administered [116,146]. However, it has been suggested
that the risk/benefit ratio of CD40 agonist antibodies can be
increased by administering CD40 agonists either subcuta-
neously or intratumorally [5,23,24,147,148]. Subcutaneous
administration reduces and delays the maximum serum con-
centration (Cp,ax and Tray), and therefore acute immune-related
adverse effects may be reduced [149]. Intratumoral administra-
tion results in activation of DC in the TME and has been shown
to induce abscopal effects and systemic anti-tumor activity in
preclinical models [24,108,148]. This is expected to reduce
immune-related adverse effects and possibly increase efficacy.
A phase 1 dose escalation study where intratumoral adminis-
tration of the CD40 agonist antibody mitazalimab was evalu-
ated, demonstrated that injections into superficial lesions was
well tolerated at clinically relevant dose levels (0.4 mg/kg) and
induced activation of circulating APC, without any detectable
antibody levels in the blood [59].

The optimal dosing frequency of CD40 agonistic antibodies
has not been defined. A study with selicrelumab showed
reductions in total T cell levels upon weekly dosing, indicating
that weekly dosing is too frequent and may lead to immune
exhaustion [62]. Subsequent clinical studies have used dose
regimes administering CD40 agonists every two or three
weeks, without negative effects on total T cells [150]. CD40
agonist antibodies display target-mediated drug disposition,
generally with half-lives in the range of 24 hours [61,65,81,86].
This means that even at doses well above receptor saturation,
drug concentrations will be approaching zero within one
week. It is likely that APC require a resting period between
CD40 stimulations [55], and this may provide further support
to dosing intervals longer than one week.

7. Next generation CD40-targeting compounds

The fact that many CD40 agonists are FcyR-dependent allows
for generation of bispecific antibodies with conditional activa-
tion. By fusing a tumor-targeting antibody to an
FcyR-dependent CD40 agonist, the immune-stimulatory activity
can be directed to the TME (Figure 1). The aim of developing
such bispecific antibodies is to increase both safety and efficacy.

The first attempt to evaluate this in the clinic was made
with ABBV-428, a CD40 x mesothelin bispecific antibody. With
this molecule, the relatively tumor-selective expression of the
tumor-associated antigen (TAA) mesothelin is used to direct
the CD40 agonistic effect to the tumor area, focusing on
reducing systemic toxicity. Preclinical data indicated that
ABBV-428 could induce similar anti-tumor activity to
a monospecific CD40 antibody, while inducing less systemic
immune activation and toxicity [151]. ABBV-428 was well tol-
erated in a phase 1 study, but the clinical efficacy was limited
with no confirmed objective responses [152]. While disap-
pointing, the reason for the limited clinical activity may be
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attributed to the low expression of the tumor target, as rela-
tively low densities (up to 9 x 10* receptors/cell) of mesothelin
have been reported on tumor cells [153,154]. Indeed, preclini-
cal studies using tumor cell lines transfected to express differ-
ent levels of mesothelin demonstrated the need for much
higher mesothelin expression levels to achieve anti-tumor
effects with ABBV-428 [151].

In contrast, by designing a CD40 x TAA bispecific antibody
which targets a highly expressed TAA, it may be possible to
achieve improved safety and higher efficacy. This was recently
demonstrated with NEO-X-PRIME™, a bispecific antibody plat-
form targeting DC and a TAA with a high receptor density on
the tumor cell. Using the NEO-X-PRIME™ platform, a CD40
x EpCAM bispecific antibody was developed, which demon-
strated much higher preclinical anti-tumor efficacy compared
to the corresponding monospecific CD40 antibody, or even to
the combination of the two monospecific antibodies [155].
Interestingly, by targeting high-density tumor antigens such
as EpCAM, CD40 x TAA bispecific antibodies may turn tumor-
derived extracellular vesicles (EV) and exosomes into neoanti-
gen-carrying vaccine particles [155]. The TAA-binding domain
of such a CD40 x TAA bispecific antibody thus binds to the EV,
while the CD40-binding domain delivers the EV to DC. The DC
subsequently take up the EV and their neoantigen content
and effectively cross-present neoantigen peptide to T cells,
thereby expanding the tumor-specific T cell repertoire
(Figure 1) [155]. As mentioned above, CD40 is a uniquely well-
suited target to drive internalization and cross-presentation of
tumor neoantigens, as it induces an efficient CD8" T cell
response superior to that generated by targeting antigens to
other receptors expressed by APC [32,119,122].

Additional means of localizing the effect of CD40 activation
by use of bispecific antibodies are under investigation. CD40
x PD-L1 is one example where tumor localization could poten-
tially be combined with blockade of the PD-(L)1 pathway.
However, CD40-targeted therapies have a short, target-
dependent, serum half-life, which may be beneficial for an
agonist and could prevent immune exhaustion. However,
this may not be ideal for the PD-L1 component as the effect
of anti-PD-L1 therapies appears to be dependent on the con-
tinuous blockade of the receptor. Another approach is by
directing the CD40 agonistic effects to the tumor stroma
(Figure 1), which has been attempted with the CD40 x FAP
bispecific compounds MP0317 and RO7300490. These bispe-
cific CD40 agonists activate APC in the FAP-expressing stroma
rather than directly in the vicinity of the tumor cells, and
preclinical data has demonstrated induction of similar anti-
tumor responses, but lower systemic toxicity compared to
a monospecific CD40 antibody in a transfected tumor model
[156,157]. Dual targeting of CD40 and CD47 is yet another
approach that combines blockade of the CD47 ‘don’t eat me’
signal and localizes the CD40-mediated activity to environ-
ments expressing CD47, including the tumor area [158].

Additionally, attempts are ongoing to improve efficacy by
cross-linking-dependent dual targeting of two agonistic recep-
tors, CD40 and 4-1BB, by GEN1042, a bispecific antibody
currently in clinical development for assessment of safety in
a first-in-human study [159].
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8. Expert opinion

The success of ICl has clearly demonstrated that the immune
system can be ‘reprogrammed’ to provide meaningful clinical
responses in some cancer patients. The coming challenges
for the field of immuno-oncology will be to increase the
number of patients that respond to cancer immunotherapy.
This will require combination of different treatment modal-
ities based on better understanding of the tumor immune
microenvironment, where different sets of combinations will
be required to overcome immune deficiencies in different
tumors and indications. For cancer patients with insufficient
T cell priming to tumor neoantigens due to deficiencies in
DC activation and function, CD40 stands out as one of the
most promising targets. The ability of CD40 agonists to
activate DC and enhance antigen cross-presentation to
CD8" T cells provides an opportunity to meet a critical bio-
logical and medical need in immuno-oncology. However,
CDA40 agonists have demonstrated limited single-agent activ-
ity, and there are several issues that need to be resolved
before CD40 agonists can fulfill their potential and benefit
cancer patients.

Too frequent administration, that is, weekly administration,
may lead to immune exhaustion but, apart from that, the
optimal dosing regimen for CD40 agonists remains to be
determined. Further, the optimal dosing schedule may differ
when combining CD40 agonists with other therapies, in parti-
cular how to dose the combination therapies in relation to the
CD40 agonist, for example, chemotherapies, where the che-
motherapies result in a massive release of tumor antigens, but
also affect the myeloid compartment and the quantity and
quality of CD40-expressing cells.

From a biological point of view, the central role of CD40
provides a plethora of opportunities for potential combination
partners. While multiple combination partners have shown
additive or synergistic effects in preclinical models, the lack
of translationally relevant clinical models leaves us to test this
in clinical studies. Rationally designed clinical studies and
comprehensive biomarker analyses will provide a better
understanding of this challenge and we believe that the
amazing progress achieved over the last decade in the under-
standing of the TME will allow us to finally make advance-
ments in identifying the ideal combination partners.

Another challenge is to identify the indications where CD40
agonists will provide clinical benefit. While there is a clear case
for T cell priming in ‘cold’ tumors, such as pancreatic and
colorectal cancer, the relevant target cells, that is, DC, are
much more frequent in ‘hot’ tumors, such as melanoma,
renal and non-small cell lung cancer. In our opinion, more
clinical studies of CD40 agonists are warranted in both ‘cold’
and ‘hot’ tumors.

There are today several CD40 agonists with different pro-
files in clinical development. The optimal profile of CD40
agonists will depend on where the main target cell population
is located. The TME or the tumor-draining lymph nodes are
likely locations, which may support selection of antibodies
with a higher tumor-to-blood ratio in terms of activation.
Further, activation of tumor-residing DC may require dose
levels that are higher than the saturating levels in the

circulation. Thus, antibodies that induce strong systemic acti-
vation may not be possible to dose at levels that activate DC
in the TME or tumor-draining lymph nodes.

Finally, emerging bispecific CD40 antibodies are providing
novel opportunities to use the powerful effects of CD40 liga-
tion in a more tumor-directed fashion. By directing the effects
of CD40 ligation to the TME, systemic counter-productive
feedback mechanisms can be reduced, leading to improved
efficacy as well as tolerability. More importantly, improved
tumor neoantigen cross-presentation can be achieved,
expanding the quantity and quality of the tumor-specific T
cell repertoire.

To summarize, while many challenges remain to be
resolved, CD40 agonists have the potential to address key
biological and medical needs within immuno-oncology and
we are confident that CD40 agonists will play an important
role in the challenging task to reprogram the immune system
to fight cancer.

Funding

This paper is not funded.

Declaration of interest

All of the author(s) on this paper are employees of Alligator Bioscience.
The authors have no other relevant affiliations or financial involvement
with any organization or entity with a financial interest in or financial
conflict with the subject matter or materials discussed in the manuscript
apart from those disclosed.

Reviewer disclosures

Peer reviewers on this manuscript have no relevant financial relationships
or otherwise to disclose.

References

1. Galon J, Bruni D. Approaches to treat immune hot, altered and cold
tumours with combination immunotherapies. Nat Rev Drug Discov.
2019 Jan 4;18(3):197-218.

2. Murciano-Goroff YR, Warner AB, Wolchok JD. The future of cancer
immunotherapy: microenvironment-targeting combinations. Cell
Res. 2020 Jun;30(6):507-519.

3. Vonderheide RH. The immune revolution: a case for priming, not
checkpoint. Cancer Cell. 2018 Apr 9;33(4):563-569.

4. Chen DS, Mellman I. Oncology meets immunology: the
cancer-immunity cycle. Immunity. 2013 Jul 25;39(1):1-10.

5. Ellmark P, Mangsbo SM, Furebring C, et al. Kick-starting the
cancer-immunity cycle by targeting CD40. Oncoimmunology.
2015 Jul;4(7):e1011484.

6. Banchereau J, Bazan F, Blanchard D, et al. The CD40 antigen and its

ligand. Annu Rev Immunol. 1994;12(1):881-922.

Describes the biological role of CD40-CD40L interaction.

7. Elgueta R, Benson MJ, De Vries VC, et al. Molecular mechanism and
function of CD40/CD40L engagement in the immune system.
Immunol Rev. 2009 May;229(1):152-172.

8. Peters AL, Stunz LL, Bishop GA. CD40 and autoimmunity: the dark
side of a great activator. Semin Immunol. 2009 Oct;21(5):293-300.

9. Korniluk A, Kemona H, Dymicka-Piekarska V. Multifunctional CD40L:
pro- and anti-neoplastic activity. Tumour Biol. 2014 Oct;35
(10):9447-9457.



10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Eliopoulos AG, Young LS. The role of the CD40 pathway in the
pathogenesis and treatment of cancer. Curr Opin Pharmacol. 2004
Aug;4(4):360-367.

Werneburg BG, Zoog SJ, Dang TT, et al. Molecular characterization
of CD40 signaling intermediates. J Biol Chem. 2001 Nov 16;276
(46):43334-43342.

Kornbluth RS, Stempniak M, Stone GW. Design of CD40 agonists
and their use in growing B cells for cancer immunotherapy. Int Rev
Immunol. 2012 Aug;31(4):279-288.

Vonderheide RH, Glennie MJ. Agonistic CD40 antibodies and can-
cer therapy. Clin Cancer Res. 2013 Mar 01;19(5):1035-1043.

Caux C, Massacrier C, Vanbervliet B, et al. Activation of human
dendritic cells through CD40 cross-linking. J Exp Med. 1994 Oct
1;180(4):1263-1272.

van Kooten C, Banchereau J. Functions of CD40 on B cells,
dendritic cells and other cells. Curr Opin Immunol. 1997 Jun;9
(3):330-337.

Ma DY, Clark EA. The role of CD40 and CD154/CD40L in dendritic
cells. Semin Immunol. 2009 Oct;21(5):265-272.

Describes the role of CD40 on dendritic cells.

. Moran AE, Kovacsovics-Bankowski M, Weinberg AD. The TNFRs

0OX40, 4-1BB, and CD40 as targets for cancer immunotherapy.
Curr Opin Immunol. 2013 Apr;25(2):230-237.

Zarnegar B, He JQ, Oganesyan G, et al. Unique CD40-mediated
biological program in B cell activation requires both type 1 and
type 2 NF-kappaB activation pathways. Proc Natl Acad Sci U S A.
2004 May 25;101(21):8108-8113.

Rakhmilevich AL, Alderson KL, Sondel PM. T-cell-independent anti-
tumor effects of CD40 ligation. Int Rev Immunol. 2012 Aug;31
(4):267-278.

Khong A, Nelson DJ, Nowak AK, et al. The use of agonistic
anti-CD40 therapy in treatments for cancer. Int Rev Immunol.
2012 Aug;31(4):246-266.

Tutt AL, O'Brien L, Hussain A, et al. T cell immunity to lymphoma
following treatment with anti-CD40 monoclonal antibody.
J Immunol. 2002;168(6):2720-2728.

Byrne KT, Vonderheide RH. CD40 stimulation obviates innate sen-
sors and drives T cell immunity in cancer. Cell Rep. 2016 Jun 21;15
(12):2719-2732.

Mangsbo SM, Broos S, Fletcher E, et al. The human agonistic CD40
antibody ADC-1013 eradicates bladder tumors and generates
T-cell-dependent tumor immunity. Clin Cancer Res. 2015 Mar
01;21(5):1115-1126.

van Mierlo GJ, den Boer AT, Medema JP, et al. CD40 stimulation
leads to effective therapy of CD40(-) tumors through induction of
strong systemic cytotoxic T lymphocyte immunity. Proc Natl Acad
Sci U S A. 2002 Apr 16;99(8):5561-5566.

Lum HD, Buhtoiarov IN, Schmidt BE, et al. In vivo CD40 ligation can
induce T-cell-independent antitumor effects that involve
macrophages. J Leukoc Biol. 2006 Jun;79(6):1181-1192.

Beatty GL, Chiorean EG, Fishman MP, et al. CD40 agonists alter
tumor stroma and show efficacy against pancreatic carcinoma in
mice and humans. Science. 2011 Mar 25;331(6024):1612-1616.
Presents preclinical rationale for CD40 activation in pancreatic
cancer.

Beatty GL, Li Y, Long KB. Cancer immunotherapy: activating innate
and adaptive immunity through CD40 agonists. Expert Rev
Anticancer Ther. 2017 Feb;17(2):175-186.

Long KB, Gladney WL, Tooker GM, et al. IFNy and CCL2 cooperate
to redirect tumor-infiltrating monocytes to degrade fibrosis and
enhance chemotherapy efficacy in pancreatic carcinoma. Cancer
Discov. 2016 Apr;6(4):400-413.

Turner JG, Rakhmilevich AL, Burdelya L, et al. Anti-CD40 antibody
induces antitumor and antimetastatic effects: the role of NK cells.
J Immunol. 2001;166(1):89.

Liu M, Sun Q, Wang J, et al. A new perspective: exploring future
therapeutic strategies for cancer by understanding the dual role of
B lymphocytes in tumor immunity. Int J Cancer. 2019 Jun 15;144
(12):2909-2917.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

EXPERT OPINION ON BIOLOGICAL THERAPY 1643

Jackaman C, Cornwall S, Graham PT, et al. CD40-activated B cells
contribute to mesothelioma tumor regression. Immunol Cell Biol.
2011 Feb;89(2):255-267.

Flamar AL, Xue Y, Zurawski SM, et al. Targeting concatenated HIV
antigens to human CD40 expands a broad repertoire of multifunc-
tional CD4+ and CD8+ T cells. AIDS. 2013 Aug 24;27(13):2041-2051.
Hildner K, Edelson BT, Purtha WE, et al. Batf3 deficiency reveals
a critical role for CD8alpha+ dendritic cells in cytotoxic T cell
immunity. Science. 2008 Nov 14;322(5904):1097-1100.
Sanchez-Paulete AR, Cueto FJ, Martinez-Lopez M, et al. Cancer
immunotherapy with immunomodulatory anti-CD137 and
anti-PD-1 monoclonal antibodies requires BATF3-dependent den-
dritic cells. Cancer Discov. 2016 Jan;6(1):71-79.

Sanchez-Paulete AR, Teijeira A, Cueto FJ, et al. Antigen
cross-presentation and T-cell cross-priming in cancer immunology
and immunotherapy. Ann Oncol. 2017 Sep 01;28:xii44-xii55.
Highlights the role of antigen cross-presentation in cancer
immunotherapy.

Broz ML, Binnewies M, Boldajipour B, et al. Dissecting the tumor
myeloid compartment reveals rare activating antigen-presenting
cells critical for T cell immunity. Cancer Cell. 2074 Nov 10;26
(5):638-652.

Gladue RP, Paradis T, Cole SH, et al. The CD40 agonist antibody
CP-870,893 enhances dendritic cell and B-cell activity and pro-
motes anti-tumor efficacy in SCID-hu mice. Cancer Immunol
Immunother. 2011 Jul;60(7):1009-1017.

Carenza C, Calcaterra F, Oriolo F, et al. Costimulatory molecules and
immune checkpoints are differentially expressed on different sub-
sets of dendritic cells [Original Research]. Front Immunol. 2019
June 11;10(1325). DOI:10.3389/fimmu.2019.01325.

MacDonald KP, Munster DJ, Clark GJ, et al. Characterization of
human blood dendritic cell subsets. Blood. 2002 Dec 15;100
(13):4512-4520.

Hegde S, Krisnawan VE, Herzog BH, et al. Dendritic cell paucity
leads to dysfunctional immune surveillance in pancreatic cancer.
Cancer Cell. 2020 Mar 16;37(3):289-307 9.

Morrison AH, Diamond MS, Hay CA, et al. Sufficiency of CD40
activation and immune checkpoint blockade for T cell priming
and tumor immunity. Proc Natl Acad Sci U S A. 2020 Mar 25;117
(14):8022-8031.

Describes CD40 activation in combination with checkpoint
inhibitors.

Zhang L, Li Z, Skrzypczynska KM, et al. Single-cell analyses inform
mechanisms of myeloid-targeted therapies in colon cancer. Cell.
2020;181(2):442-459.e29.

Chevrier S, Levine JH, Zanotelli VRT, et al. An immune atlas of clear
cell renal cell carcinoma. Cell. 2017;169(4):736-749.e18.

Zhang Q, He Y, Luo N, et al. Landscape and dynamics of single
immune cells in hepatocellular carcinoma. Cell. 2019;179(4):829-
845.e20.

Huffman AP, Lin JH, Kim SI, et al. CCL5 mediates CD40-driven CD4+
T cell tumor infiltration and immunity. JCI Insight. 2020 May 21;5
(10). DOI:10.1172/jci.insight.137263.

Luheshi NM, Coates-Ulrichsen J, Harper J, et al. Transformation of
the tumour microenvironment by a CD40 agonist antibody corre-
lates with improved responses to PD-L1 blockade in a mouse
orthotopic pancreatic tumour model. Oncotarget. 2016 Apr 5;7
(14):18508-18520.

Medina-Echeverz J, Ma C, Duffy AG, et al. Systemic agonistic
anti-CD40 treatment of tumor-bearing mice modulates hepatic
myeloid-suppressive cells and causes immune-mediated liver
damage. Cancer Immunol Res. 2015 May;3(5):557-566.

Byrne KT, Leisenring NH, Bajor DL, et al. CSF-1R-dependent lethal
hepatotoxicity when agonistic CD40 antibody is given before but
not after chemotherapy. J Immunol. 2016 Jul 01;197(1):179-187.
Presents preclinical data guiding dose regimens for CD40 anti-
body in combination with chemotherapy

Mirsoian A, Bouchlaka MN, Sckisel GD, et al. Adiposity induces
lethal cytokine storm after systemic administration of stimulatory


https://doi.org/10.3389/fimmu.2019.01325
https://doi.org/10.1172/jci.insight.137263

1644 K. ENELL SMITH ET AL.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

immunotherapy regimens in aged mice. J Exp Med. 2014 Nov
17;211(12):2373-2383.

Bouchlaka MN, Sckisel GD, Chen M, et al. Aging predisposes to
acute  inflammatory  induced  pathology  after  tumor
immunotherapy. J Exp Med. 2013 Oct 21;210(11):2223-2237.
Machiels JP, Gomez-Roca C, Michot JM, et al. Phase Ib study of
anti-CSF-1R antibody emactuzumab in combination with CD40
agonist  selicrelumab in advanced solid tumor patients.
J Immunother Cancer. 2020 Oct;8(2):e001153.

Rossetti RAM, Lorenzi NPC, Yokochi K, et al. B lymphocytes can be
activated to act as antigen presenting cells to promote anti-tumor
responses. PLoS One. 2018;13(7):e0199034.

Sarvaria A, Madrigal JA, Saudemont A. B cell regulation in cancer
and anti-tumor immunity. Cell Mol Immunol. 2017 Aug;14
(8):662-674.

Wouters MC, Nelson BH. Prognostic significance  of

tumor-infiltrating B cells and plasma cells in human cancer. Clin
Cancer Res. 2018 Jul 26;24(24):6125-6135.

Deronic A, Nilsson A, Thagesson M, et al. The human anti-CD40
agonist antibody mitazalimab (ADC-1013; JNJ-64457107) activates
antigen-presenting cells, improves expansion of antigen-specific
T cells and enhances anti-tumor efficacy of a model cancer vaccine
in vivo. Cancer Immunol Immunother. 2021. DOI:10.1007/500262-
021-02932-5.

Yu X, Chan HTC, Fisher H, et al. Isotype switching converts
anti-CD40 antagonism to agonism to elicit potent antitumor
activity. Cancer Cell. 2020 May 19;37(6):850-866.€7.

Vitale LA, Thomas LJ, He LZ, et al. Development of CDX-1140, an
agonist CD40 antibody for cancer immunotherapy. Cancer
Immunol Immunother. 2018 Oct 31. DOI:10.1007/5s00262-018-
2267-0.

Describes CDX-1140

Kelley SK, Gelzleichter T, Xie D, et al. Preclinical pharmacokinetics,
pharmacodynamics, and activity of a humanized anti-CD40 anti-
body (SGN-40) in rodents and non-human primates. Br
J Pharmacol. 2006 Aug;148(8):1116-1123.

Irenaeus SMM, Nielsen D, Ellmark P, et al. First-in-human study with
intratumoral administration of a CD40 agonistic antibody,
ADC-1013, in advanced solid malignancies. Int J Cancer. 2019 Jan
21;145(5):1189-1199.

Presents the first study on intratumoral administration of
CD40 antibody in cancer patients.

Chen DY, Vance BA, Thompson LB, et al. Differential lysis of tumors
by polyclonal T cell lines and T cell clones specific for hTERT.
Cancer Biol Ther. 2007 Dec;6(12):1991-1996.

Calvo E, Moreno V, Perets R, et al. A phase | study to assess safety,
pharmacokinetics  (PK), and pharmacodynamics (PD) of
JNJ-64457107, a CD40 agonistic monoclonal antibody, in patients
(pts) with advanced solid tumors. J clin oncol. 2019;37
(15_suppl):2527.

Ruter J, Antonia SJ, Burris HA, et al. Immune modulation with
weekly dosing of an agonist CD40 antibody in a phase | study of
patients with advanced solid tumors. Cancer Biol Ther. 2010 Nov
15;10(10):983-993.

Neff-LaFord H, Grilley-Olson JE, Smith DC, et al. Abstract 5535:
SEA-CD40 is a non-fucosylated anti-CD40 antibody with potent
pharmacodynamic activity in preclinical models and patients with
advanced solid tumors. Cancer Res. 2020;80(16 Supplement):5535.
Sanborn R, Gabrail N, Bhardwaj N. First-in-human phase 1 study of
the CD40 agonist monoclonal antibody (mAb) CDX-1140 alone and
in combination with CDX-301 (rhFLT3L) in patients with advanced
cancers: interim analysis [Abstract]. AACR. 2019 Mar. 29-Apr. 3,
Abstr. LB-194.

Vonderheide RH, Flaherty KT, Khalil M, et al. Clinical activity and
immune modulation in cancer patients treated with CP-870,893,
a novel CD40 agonist monoclonal antibody. J Clin Oncol. 2007 Mar
01;25(7):876-883.

Presents dose escalation study with selicrelumab
Braesch-Andersen S, Paulie S, Koho H, et al. Biochemical character-
istics and partial amino acid sequence of the receptor-like human

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

B cell and carcinoma antigen CDw40. J Immunol. 1989 Jan 15;142
(2):562-567.

Paulie S, Rosén A, Ehlin-Henriksson B, et al. The human
B  lymphocyte and carcinoma antigen, CDw40, is
a phosphoprotein involved in growth signal transduction.

J Immunol. 1989 Jan 15;142(2):590-595.

Tong AW, Stone MJ. Prospects for CD40-directed experimental
therapy of human cancer. Cancer Gene Ther. 2003 Jan;10(1):1-13.
Costello RT, Gastaut JA, Olive D. What is the real role of CD40
in cancer immunotherapy? Immunol Today. 1999 Nov;20
(11):488-493.

Andersen NS, Larsen JK, Christiansen J, et al. Soluble CD40 ligand
induces selective proliferation of lymphoma cells in primary mantle
cell lymphoma cell cultures. Blood. 2000 Sep 15;96(6):2219-2225.
Rusbuldt JJ, Smith AA, Balasubramanian S, et al. JNJ-64457107,
a CD40 agonist, induces cell death in BCL6hilRF4neg GCB subtype
of DLBCL. Blood. 2018;132(Supplement 1):1674.

Van Kooten C, Banchereau J. CD40-CD40 ligand: a multifunctional
receptor-ligand pair. Adv Immunol. 1996;61:1-77.

Karmann K, Hughes CC, Schechner J, et al. CD40 on human
endothelial cells: inducibility by cytokines and functional regulation
of adhesion molecule expression. Proc Natl Acad Sci U S A. 1995
May 9;92(10):4342-4346.

Phipps RP. CD40: lord of the endothelial cell. Blood. 2008 Nov 1;112
(9):3531-3532.

Melter M, Reinders ME, Sho M, et al. Ligation of CD40 induces the
expression of vascular endothelial growth factor by endothelial
cells and monocytes and promotes angiogenesis in vivo. Blood.
2000 Dec 1;96(12):3801-3808.

Georganaki M, Ramachandran M, Tuit S, et al. Tumor endothelial
cell up-regulation of IDO1 is an immunosuppressive feed-back
mechanism that reduces the response to CDA40-stimulating
immunotherapy. Oncoimmunology. 2020;9(1):1730538.
Borcherding F, Nitschke M, Hundorfean G, et al. The CD40-CD40L
pathway contributes to the proinflammatory function of intestinal
epithelial cells in inflammatory bowel disease. Am J Pathol. 2010
Apr;176(4):1816-1827.

Advani R, Forero-Torres A, Furman RR, et al. Phase | study of the
humanized anti-CD40 monoclonal antibody dacetuzumab in
refractory or recurrent non-Hodgkin’s lymphoma. J Clin Oncol.
2009 Sep 10;27(26):4371-4377.

Forero-Torres A, Bartlett N, Beaven A, et al. Pilot study of dacetu-
zumab in combination with rituximab and gemcitabine for
relapsed or refractory diffuse large B-cell lymphoma. Leuk
Lymphoma. 2013 Feb;54(2):277-283.

Beatty GL, Torigian DA, Chiorean EG, et al. A phase | study of an
agonist CD40 monoclonal antibody (CP-870,893) in combination
with gemcitabine in patients with advanced pancreatic ductal
adenocarcinoma. Clin Cancer Res. 2013 Nov 15;19(22):6286-6295.
Presents study on selicrelumab in combination with gemcita-
bine in pancreatic cancer

Johnson P, Challis R, Chowdhury F, et al. Clinical and biological
effects of an agonist anti-CD40 antibody: a cancer research UK
phase | study. Clin Cancer Res. 2015 Mar 15;21(6):1321-1328.
O'Hara MH, O'Reilly EM, Varadhachary G, et al. CD40 agonistic
monoclonal antibody APX005M (sotigalimab) and chemotherapy,
with or without nivolumab, for the treatment of metastatic pan-
creatic adenocarcinoma: an open-label, multicentre, phase 1b
study. Lancet Oncol. 2021;22(1):118-131.

Presents combination study with CD40 antibody in combina-
tion with gemcitabine/nab-paclitaxel and anti-PD-1 antibody
in pancreatic cancer.

Johnson MJ, Fakih M, Bendell J, et al. First in human study with the
CD40 agonistic monoclonal antibody APX005M in subjects with
solid tumors [Abstract]. J Immunother Cancer. 2017;5(Suppl 3):89.
Vonderheide RH, Dutcher JP, Anderson JE, et al. Phase | study of
recombinant human CD40 ligand in cancer patients. J Clin Oncol.
2001 Jul 1;19(13):3280-3287.

Furman RR, Forero-Torres A, Shustov A, et al. A phase | study of
dacetuzumab (SGN-40, a humanized anti-CD40 monoclonal


https://doi.org/10.1007/s00262-021-02932-5
https://doi.org/10.1007/s00262-021-02932-5
https://doi.org/10.1007/s00262-018-2267-0
https://doi.org/10.1007/s00262-018-2267-0

86.

87.

88.

89.

90.

91.

92.

93.

94.

antibody) in patients with chronic lymphocytic leukemia. Leuk
Lymphoma. 2010 Feb;51(2):228-235.

Hussein M, Berenson JR, Niesvizky R, et al. A phase | multidose
study of dacetuzumab (SGN-40; humanized anti-CD40 monoclonal
antibody) in patients with multiple myeloma. Haematologica. 2010
May;95(5):845-848.

O’Hara MH, O'Reilly EM, Rosemarie M, et al. Abstract CT004: a Phase
Ib study of CD40 agonistic monoclonal antibody APX005M
together with gemcitabine (Gem) and nab-paclitaxel (NP) with or
without nivolumab (Nivo) in untreated metastatic ductal pancreatic
adenocarcinoma  (PDAC) patients. Cancer Res. 2019;79
(13Supplement):CT004-CT004.

Sanborn R, Hauke R, Gabrail N, et al. 405 CDX1140-01, a phase 1
dose-escalation/expansion study of CDX-1140 alone (Part 1) and in
combination with CDX-301 (Part 2) or pembrolizumab (Part 3).
J Immunother Cancer. 2020;8(Suppl 3):A246-A246.

Sanborn RE, Gabrail NY, Bhardwaj N, et al. Abstract LB-194: first-in-
human Phase | study of the CD40 agonist mAb CDX-1140 and in
combination with CDX-301 (rhFLT3L) in patients with advanced
cancers: interim results. Cancer Res. 2019;79(13Supplement):LB-
194-LB-194.

Vonderheide RH, Burg JM, Mick R, et al. Phase | study of the CD40
agonist antibody CP-870,893 combined with carboplatin and pacli-
taxel in patients with advanced solid tumors. Oncoimmunology.
2013 Jan 01;2(1):e23033.

Bajor DL, Mick R, Riese MJ, et al. Long-term outcomes of a phase
| study of agonist CD40 antibody and CTLA-4 blockade in patients
with  metastatic melanoma. Oncoimmunology. 2018;7(10):
e1468956.

Li D-K, Wang W. Characteristics and clinical trial results of agonistic
antiCD40 antibodies in the treatment of malignancies (Review).
Oncol Lett. 2020;20(5):1.

Deronic A, Thagesson M, Nilsson A, et al. Mitazalimab, a potent
CD40 agonist with potential for combination with chemotherapy.
AACR Annual meeting Abstract. 2021;1593.

White AL, Chan HT, Roghanian A, et al. Interaction with FcyRIIB is
critical for the agonistic activity of anti-CD40 monoclonal antibody.
J Immunol. 2011 Aug 15;187(4):1754-1763.

« Highlights the role of FcyR engagement for CD40 agonists

95.

Li F, Ravetch JV. Inhibitory Fc receptor engagement drives adjuvant
and anti-tumor activities of agonistic CD40 antibodies. Science.
2011 Aug 19;333(6045):1030-1034.

« Highlights the role of FcyR engagement for CD40 agonists

96.

97.

98.

99.

100.

101.

102.

103.

Wilson NS, Yang B, Yang A, et al. An Fcgamma receptor-dependent
mechanism drives antibody-mediated target-receptor signaling in
cancer cells. Cancer Cell. 2011 Jan 18;19(1):101-113.

Wajant H. Principles of antibody-mediated TNF receptor activation.
Cell Death Differ. 2015 Nov;22(11):1727-1741.

Richman LP, Vonderheide RH. Role of crosslinking for agonistic
CD40 monoclonal antibodies as immune therapy of cancer.
Cancer Immunol Res. 2014 Jan;2(1):19-26.

Describes the role of cross-linking for CD40 agonists

White AL, Chan HT, French RR, et al. Conformation of the human
immunoglobulin G2 hinge imparts superagonistic properties to
immunostimulatory anticancer antibodies. Cancer Cell. 2015 Jan
12;27(1):138-148.

Describes the influence of the hinge on cross-linking depen-
dency of CD40 agonists.

Bruhns P. Properties of mouse and human IgG receptors and their
contribution to disease models. Blood. 2012 Jun 14;119
(24):5640-5649.

Dahan R, Barnhart BC, Li F, et al. Therapeutic activity of agonistic,
human anti-CD40 monoclonal antibodies requires selective FcyR
engagement. Cancer Cell. 2016 Jun 13;29(6):820-831.

Hogarth PM, Pietersz GA. Fc receptor-targeted therapies for the
treatment of inflammation, cancer and beyond. Nat Rev Drug
Discov. 2012 Mar 30;11(4):311-331.

Anania JC, Chenoweth AM, Wines BD, et al. The human FcyRll
(CD32) family of leukocyte FcR in health and disease. Front
Immunol. 2019;10:464.

104.

EXPERT OPINION ON BIOLOGICAL THERAPY 1645

Kerntke C, Nimmerjahn F, Biburger M. There Is (scientific) strength
in numbers: a comprehensive quantitation of Fc gamma receptor
numbers on human and murine peripheral blood leukocytes. Front
Immunol. 2020;11:118.

« Outlines FcyR expression on human and mouse leukocytes

105.

106.

107.

108.

109.

110.

1

112.

113

114.

115.

116.

117.

118.

119.

120.

121.

122

123.

124.

Ellmark P, Mangsbo SM, Lindstedt M. Selective FcyR engagement
by human agonistic anti-CD40 antibodies. Transl Cancer Res.
2016;5(54):5839-5841.

Jolliff C, Cost KM, Stivrins PC. Reference intervals for serum IgG, IgA,
IgM, C3, and C4 as determined by rate nephelometry. Clin Chem.
1982;28(1):126-128.

Jarnum S, Runstrom A, Bockermann R, et al. Enzymatic inactivation
of endogenous IgG by IdeS enhances therapeutic antibody
efficacy. Mol Cancer Ther. 2017 Sep;16(9):1887-1897.

Fransen MF, Sluijter M, Morreau H, et al. Local activation of CD8
T cells and systemic tumor eradication without toxicity via slow
release and local delivery of agonistic CD40 antibody. Clin Cancer
Res. 2011 Apr 15;17(8):2270-2280.

Filbert EL, Bjorck PK, Srivastava MK, et al. APX005M, a CD40 agonist
antibody with unique epitope specificity and Fc receptor binding
profile for optimal therapeutic application. Cancer Immunol
Immunother. 2021 Jan 3. DOI:10.1007/500262-020-02814-2.
Benatuil L, McRae Bradford L, Hsieh C-M, et al. inventors; ABBVIE
INC, assignee. Anti-cd40 antibodies. US patent US 10174121 B2.
2019 2016/05/27.

. Grilley-Olson JE, Curti BD, Smith DC, et al. SEA-CD40, a
non-fucosylated CD40 agonist: interim results from a phase 1
study in advanced solid tumors. J «clin oncol. 2018;36

(15_suppl):3093.

Yu X, Chan HTC, Orr CM, et al. Complex interplay between epitope
specificity and isotype dictates the biological activity of anti-human
CD40 antibodies. Cancer Cell. 2018 Apr 9;33(4):664-675 e4.

. Malmborg Hager AC, Elimark P, Borrebaeck CA, et al. Affinity and

epitope profiling of mouse anti-CD40 monoclonal antibodies.
Scand J Immunol. 2003 Jun;57(6):517-524.

Ellmark P, Ottosson C, Borrebaeck CA, et al. Modulation of the
CD40-CD40 ligand interaction using human anti-CD40
single-chain antibody fragments obtained from the n-CoDeR
phage display library. Immunology. 2002 Aug;106(4):456-463.
Francisco JA, Donaldson KL, Chace D, et al. Agonistic properties
and in vivo antitumor activity of the anti-CD40 antibody SGN-14.
Cancer Res. 2000 Jun 15;60(12):3225-3231.

Vonderheide RH. (CD40 Agonist antibodies in
immunotherapy. Annu Rev Med. 2020 Jan 27;71(1):47-58.
Review of the CD40 field.

Mackey MF, Gunn JR, Ting PP, et al. Protective immunity induced
by tumor vaccines requires interaction between CD40 and its
ligand, CD154. Cancer Res. 1997 Jul 1;57(13):2569-2574.

Diehl L, den Boer AT, Schoenberger SP, et al. CD40 activation
in vivo overcomes peptide-induced peripheral cytotoxic
T-lymphocyte tolerance and augments anti-tumor vaccine
efficacy. Nat Med. 1999 Jul;5(7):774-779.

Yin W, Gorvel L, Zurawski S, et al. Functional specialty of CD40 and
dendritic cell surface lectins for exogenous antigen presentation to
CD8(+) and CD4(+) T cells. EBioMedicine. 2016 Mar;5:46-58.

Barr TA, McCormick AL, Carlring J, et al. A potent adjuvant effect of
CD40 antibody attached to antigen. Immunology. 2003 May;109
(1):87-92.

Llopiz D, Dotor J, Zabaleta A, et al. Combined immunization with
adjuvant molecules poly(l:C) and anti-CD40 plus a tumor antigen
has potent prophylactic and therapeutic antitumor effects. Cancer
Immunol Immunother. 2008 Jan;57(1):19-29.

cancer

.Yin W, Duluc D, Joo H, et al. Therapeutic HPV cancer vaccine

targeted to CD40 elicits effective CD8+ T-cell immunity. Cancer
Immunol Res. 2016 Oct;4(10):823-834.

Nimanong S, Ostroumov D, Wingerath J, et al. CD40 signaling
drives potent cellular immune responses in heterologous cancer
vaccinations. Cancer Res. 2017 Apr 15;77(8):1918-1926.

Lau SP, van Montfoort N, Kinderman P, et al. Dendritic cell vaccina-
tion and CD40-agonist combination therapy licenses T


https://doi.org/10.1007/s00262-020-02814-2

1646 K. ENELL SMITH ET AL.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141

142.

cell-dependent antitumor immunity in a pancreatic carcinoma
murine model. J Immunother Cancer. 2020 Jul;8(2):e000772.

Rolph MS, Kaufmann SH. CD40 signaling converts a minimally
immunogenic antigen into a potent vaccine against the intracellu-
lar pathogen Listeria monocytogenes. J Immunol. 2001 Apr 15;166
(8):5115-5121.

Wallemacq H, Bedoret D, Pujol J, et al. CD40 triggering induces
strong cytotoxic T lymphocyte responses to heat-killed
Staphylococcus aureus immunization in mice: a new vaccine strat-
egy for staphylococcal mastitis. Vaccine. 2012 Mar 9;30
(12):2116-2124.

Nowak AK, Robinson BW, Lake RA. Synergy between chemotherapy
and immunotherapy in the treatment of established murine solid
tumors. Cancer Res. 2003 Aug 1;63(15):4490-4496.

Yao W, Maitra A, Ying H. Recent insights into the biology of
pancreatic cancer. EBioMedicine. 2020 Mar;53:102655.

Ma HS, Poudel B, Torres ER, et al. A CD40 agonist and PD-1
antagonist antibody reprogram the microenvironment of nonim-
munogenic tumors to allow T-cell-mediated anticancer activity.
Cancer Immunol Res. 2019 Mar;7(3):428-442.

Ngiow SF, Young A, Blake SJ, et al. Agonistic CD40 mAb-driven IL12
reverses resistance to anti-PD1 in a T-cell-rich tumor. Cancer Res.
2016 Nov 01;76(21):6266-6277.

Zippelius A, Schreiner J, Herzig P, et al. Induced PD-L1 expression
mediates acquired resistance to agonistic anti-CD40 treatment.
Cancer Immunol Res. 2015 Mar;3(3):236-244.

Selvaraj S, Raundhal M, Patidar A, et al. Anti-VEGF antibody
enhances the antitumor effect of CD40. Int J Cancer. 2014 Oct
15;135(8):1983-1988.

Kashyap AS, Schmittnaegel M, Rigamonti N, et al. Optimized anti-
angiogenic reprogramming of the tumor microenvironment
potentiates CD40 immunotherapy. Proc Natl Acad Sci U S A. 2020
Jan 7;117(1):541-551.

Van Hooren L, Georganaki M, Huang H, et al. Sunitinib enhances
the antitumor responses of agonistic CD40-antibody by reducing
MDSCs and synergistically improving endothelial activation and
T-cell recruitment. Oncotarget. 2016 Jul 01;7(31):50277-50289.
Wiehagen KR, Girgis NM, Yamada DH, et al. Combination of CD40
agonism and CSF-1R blockade reconditions tumor-associated
macrophages and drives potent antitumor immunity. Cancer
Immunol Res. 2017 Dec;5(12):1109-1121.

Thompson EA, Liang F, Lindgren G, et al. Human anti-CD40 anti-
body and poly IC:.LC adjuvant combination induces potent T cell
responses in the lung of nonhuman primates. J Immunol. 2015 Aug
01;195(3):1015-1024.

Broomfield SA, Van Der Most RG, Prosser AC, et al. Locally adminis-
tered TLR7 agonists drive systemic antitumor immune responses
that are enhanced by anti-CD40 immunotherapy. J Immunol. 2009
May 01;182(9):5217-5224.

Ahonen CL, Doxsee CL, McGurran SM, et al. Combined TLR and
CD40 triggering induces potent CD8+ T cell expansion with vari-
able dependence on type | IFN. J Exp Med. 2004 Mar 15;199
(6):775-784.

Oba T, Long MD, Keler T, et al. Overcoming primary and acquired
resistance to anti-PD-L1 therapy by induction and activation of
tumor-residing cDC1s. Nat Commun. 2020 Oct 27;11(1):5415.

Lin JH, Huffman AP, Wattenberg MM, et al. Type 1 conventional
dendritic cells are systemically dysregulated early in pancreatic
carcinogenesis. J Exp Med. 2020 Aug 3;217(8). DOI:10.1084/
jem.20190673.

. Murphy WJ, Welniak L, Back T, et al. Synergistic anti-tumor

responses after administration of agonistic antibodies to CD40
and IL-2: coordination of dendritic and CD8+ cell responses.
J Immunol. 2003 Mar 1;170(5):2727-2733.

Zhang M, Ju W, Yao Z, et al. Augmented IL-15Ra expression by
CD40 activation is critical in synergistic CD8 T cell-mediated

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155

156.

157.

158.

159.

antitumor activity of anti-CD40 antibody with IL-15 in TRAMP-C2
tumors in mice. J Immunol. 2012 Jun 15;188(12):6156-6164.

Van Audenaerde JR, Marcq E, von Scheidt B, et al. Novel combina-
tion immunotherapy for pancreatic cancer: potent anti-tumor
effects with CD40 agonist and interleukin-15 treatment. Clin
Transl Immunology. 2020;9(8):e1165.

Johnson M, Fakih M, Bendell J et al. First in human study with the
CD40 agonistic monoclonal antibody APX005M in subjects with
solid tumors.J Immunother Cancer. 2017;5(abstr.):036

Eigenmann MJ, Karlsen TV, Krippendorff BF, et al. Interstitial I1gG
antibody pharmacokinetics assessed by combined in vivo- and
physiologically-based pharmacokinetic modelling approaches.
J Physiol. 2017 Dec 15;595(24):7311-7330.

Piechutta M, Berghoff AS. New emerging targets in cancer immu-
notherapy: the role of cluster of differentiation 40 (CD40/TNFR5).
ESMO Open. 2019;4(Suppl 3):e000510.

Ellmark P, Mangsbo SM, Furebring C, et al. Tumor-directed immu-
notherapy can generate tumor-specific T cell responses through loca-
lized co-stimulation. Cancer Immunol Immunother. 2017 Jan;66(1):1-7.
Sandin LC, Orlova A, Gustafsson E, et al. Locally delivered CD40
agonist antibody accumulates in secondary lymphoid organs and
eradicates experimental disseminated bladder cancer. Cancer
Immunol Res. 2014 Jan;2(1):80-90.

Barlesi F, Lolkema M, Rohrberg KS, et al. 291 Phase Ib study of
selicrelumab (CD40 agonist) in combination with atezolizumab
(anti-PD-L1) in  patients with advanced solid tumors.
J Immunother Cancer. 2020;8(Suppl 3):A178-A178.

Li DK, Wang W. Characteristics and clinical trial results of agonistic
anti-CD40 antibodies in the treatment of malignancies. Oncol Lett.
2020 Nov;20(5):176.

Ye S, Cohen D, Belmar NA, et al. A bispecific molecule targeting
CD40 and tumor antigen mesothelin enhances tumor-specific
immunity. Cancer Immunol Res. 2019;7(11):1864-1875.

Luke JJ, Fong L, Chung K, et al. Phase 1 study evaluating safety,
pharmacokinetics, pharmacodynamics, and preliminary efficacy of
ABBV-428, a mesothelin-CD40 bispecific, in patients with advanced
solid tumors. Ann Oncol. 2019;30(suppl_5):v475-v532.

Hollevoet K, Mason-Osann E, Liu XF, et al. In vitro and in vivo activity of
the low-immunogenic antimesothelin immunotoxin RG7787 in pan-
creatic cancer. Mol Cancer Ther. 2014 Aug;13(8):2040-2049.

Del Bano J, Florés-Florés R, Josselin E, et al. A bispecific
antibody-based approach for targeting mesothelin in triple nega-
tive breast cancer [Original Research]. Front Immunol. 2019 July
10;10(1593). DOI:10.3389/fimmu.2019.01593.

. Ellmark P, Hagerbrand K, Levin M, et al. 858 A bispecific antibody

targeting CD40 and EpCAM induces superior anti-tumor effects
compared to the combination of the monospecific antibodies.
J Immunother Cancer. 2020;8(Suppl 3):A511-A511.

Rigamonti N, Jetzer S, Van der Velden N, et al. Abstract 1073:
a tumor-targeted CD40 agonistic DARPin® molecule leading to
antitumor activity with limited systemic toxicity. Cancer Res.
2020;80(16 Supplement):1073.

Sum E, Rapp M, Frobel P, et al. Fibroblast activation protein
alpha-targeted CD40 agonism abrogates systemic toxicity and
enables administration of high doses to induce effective
anti-tumor immunity. Clin Cancer Res. 2021 Mar 26. DOI:10.1158/
1078-0432.CCR-20-4001.

De Silva S, Fromm G, Shuptrine CW, et al. CD40 enhances Type
| interferon responses downstream of CD47 blockade, bridging
innate and adaptive immunity. Cancer Immunol Res. 2020 Feb;8
(2):230-245.

Muik A, Kosoff R, Gieseke F, et al. DuoBody-CD40x4-1BB (GEN1042)
induces dendritic-cell maturation and enhances T-cell activation and
effector functions in vitro by conditional CD40 and 4-1BB agonist
activity [Abstract]. American Association of Cancer Research (AACR)
Annual Meeting 2021. April 10-15, 2021; Poster # 1846.


https://doi.org/10.1084/jem.20190673
https://doi.org/10.1084/jem.20190673
https://doi.org/10.3389/fimmu.2019.01593
https://doi.org/10.1158/1078-0432.CCR-20-4001
https://doi.org/10.1158/1078-0432.CCR-20-4001

	Abstract
	1.  Introduction
	2.  Anti-tumor effects induced by CD40 signaling in different CD40-expressing cell populations
	2.1.  Dendritic cells
	2.2.  Monocytes and macrophages
	2.3.  Bcells
	2.4.  Tumor cells
	2.5.  Endothelial cells and epithelial cells

	3.  Clinical development of CD40 agonistic antibodies
	3.1.  Assessment of clinical efficacy
	3.2.  Assessment of clinical safety and tolerability
	3.3.  Combination therapy, the current focus of CD40 agonists in clinical development

	4.  The activity of CD40 agonistic antibodies is determined by their Fc domain and binding epitope
	4.1.  The role of Fc domain and FcγR engagement for CD40 agonists
	4.2.  Format, function and affinity for FcγR of CD40 agonist antibodies in clinical development
	4.3.  Epitope specificity

	5.  Prospects of combining CD40 agonist antibodies with other cancer therapies
	5.1.  Combinations that increase antigen load
	5.1.1.  Vaccines
	5.1.2.  Chemotherapy

	5.2.  Combinations with T cell activators
	5.3.  Combination with anti-angiogenic therapies
	5.4.  Other combination opportunities

	6.  Dosing and administration route of CD40 agonistic antibodies
	7.  Next generation CD40-targeting compounds
	8.  Expert opinion
	Funding
	Declaration of interest
	Reviewer disclosures
	References

