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Targeting of CD40 with the aim to stimulate or inhibit this receptor attracts considerable translational interest.
Inhibitory CD40 targeting appears particularly attractive in the field of organ transplantation and in the treatment of
autoimmune diseases. CD40 blockade might also elicit antitumoral activity on CD40-expressing tumors. Agonistic
CDA40 targeting typically aims at the exploitation of the strong immunostimulatory activities of CD40 for tumor

immunotherapy and vaccination against various infectious pathogens.

antibody fusion protein CD40 CD40L cytokine storm FcyR receptor

| 1. Inhibitory Antibody Targeting of CD40

Inhibition of CD40L-CD40 interaction can be achieved straightforwardly by conventional blocking antibodies
against CD40L or CD40 (Figure 1). The important point, which has to be considered here, is to prevent binding to
FcyRs and the complement activating Clqg protein. The interaction with FcyRs can trigger unwanted FcyR-
mediated effector functions, such as antibody-dependent cell-mediated cytotoxicity (ADCC) or antibody-dependent

cellular phagocytosis (ADCP) and C1q binding can elicit complement-dependent cytotoxicity (CDC) (Figure 1).
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Figure 1. Isotype and the effect on CD40L-CD40 interaction determine the possible mode of actions of anti-CD40
antibodies. (A,B) Irrespective of the effect on CD40L-CD40 interaction, anti-CD40 antibodies of the appropriate
isotype can stimulate inhibitory (A) or activating FcyRs (B) but also complement-mediated cell lysis via C1qg binding
and formation of the membrane attack complex (MAC). (B) FcyR binding by anti-CD40 antibodies further results
typically in strong CD40 engagement. (C,D) Non-blocking and sensitizing anti-CD40 antibodies have no modulating
effect on memCD40L-induced CD40 activation (C) while blocking antibodies completely prevent CD40
engagement by CD40L (D). (E,F) Sensitizing, non-blocking anti-CD40 antibodies enhance the activity of soluble
CD40L, while non-blocking antibodies leave the weak CD40 signaling triggered by sCD40L intact. CD40 SC, CD40

signaling complex.

For example, thromboembolic complications have been reported in rhesus and cynomolgus monkeys with the
mouse anti-CD40L IgG2a 5C8 and the human recombinant anti-CD40L IgG1 ABI793, and early clinical trials with
the anti-CD40L antibodies Ruplizumab (BG9588, humanized 5C8) and IDEC-131 (humanized IgG1l, parental

antibody 24-31) were terminated due to thromboembolic events observed in a phase Il study with Ruplizumab 2]
[31[415li6]

| 2. Stimulatory Antibody Targeting of CD40

Work has been ongoing for over 20 years to develop CD40 agonists with the aim to use them as adjuvants to push
vaccination against various pathogens and/or to treat tumor diseases. However, these efforts have not yet resulted
in approved, clinically widely applicable CD40 agonists. This failure can mainly be attributed to three
circumstances/reasons: (i) the sole use of CD40 agonists as monotherapy, (i) the dose-limiting side effects of

CD40 agonists and/or FcyR- and C1q binding and (iii) the insufficient activity of the CD40 agonists used.

In preclinical animal models, the sole treatment of tumors with CD40 agonists often showed very good efficacy.
However, corresponding early clinical studies with CD40 agonists were not very successful and could not prove a
broad therapeutic efficacy [Z. It is now assumed that in the clinic the antitumoral efficacy of CD40 agonists is
dependent on a proinflammatory microenvironment, which is typically not present in advanced tumor stages. In line
with this, animal studies have shown in recent years that checkpoint inhibitors or chemotherapeutic agents that
promote proinflammatory processes in the tumor microenvironment have a synergistic antitumor effect with CD40
agonists (IR, Therefore, in the majority of the currently ongoing clinical studies with CD40 agonists, corresponding

combination therapies are being investigated [El2],

Preclinical studies in mice have identified the cytokine release syndrome (CRS) and hepatotoxicity as two major
causes of anti-CD40 antibody-induced toxicity L9112 |n accordance with this, the most common side effects
observed in clinical trials with CD40 agonists were symptoms of the cytokine release syndrome such as fever,
nausea, muscle pain and chilling, which were transient and manageable, but also release of liver enzymes and
increased lipase levels B, The various clinical studies with anti-CD40 antibodies aiming at the activation of CD40
used conventional antibodies or sometimes antibodies with preference for the binding of certain FcyR types.

Importantly, clinical studies showed that anti-CD40 antibodies lacking Fc effector functions are much better
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tolerated than FcyR-binding competent antibody variants. For example, the anti-CD40-IlgG1l antibody
Lucatumumab showed in clinical trials a maximum tolerated dose (MTD) between 3 and 4.5 mg/kg with grade 3/4
adverse effects in 32—62% of the treated patients, while its Fc-silent anti-CD40-1gG1(N297A) variant Iscalimab was
well tolerated up to doses of 30 mg/kg [L3M4ILSIIEl The higher toxicity of FcyR-binding competent anti-CD40
antibodies clearly indicates that the FcyR-bound anti-CD40 antibodies rather than the free anti-CD40 antibody
molecules are the origin of the dose-limiting activities observed in clinical trials with anti-CD40 antibodies. As
discussed below in detail (see Section 2.2.1), CD40 is typically much stronger activated by FcyR-interacting anti-
CD40 antibodies than by antibody molecules without FcyR binding competence. Therefore, it is difficult to attribute
the dose-limiting toxicity of FcyR-/C1g-binding competent anti-CD40 antibodies to the engagement of CD40 and/or
FcyR signaling and complement activation. It is thus currently unclear to which extent highly potent effector
function-dead agonistic CD40 antibodies trigger the aforementioned dose-limiting effects, too. However, the
preclinical studies mentioned above identified typical CD40-induced effector molecules, such as IL-12p40, TNF
and IFNy, as mediators of the toxic effects of FcyR-interacting anti-CD40 antibodies 19122 This suggests that
CD40 signaling indeed substantially contributes to the dose-limiting toxicity of FcyR-/C1qg-binding competent anti-
CD40 antibodies. Therefore, it appears not unlikely that FcyR-independent CD40 agonists will also elicit dose-
limiting toxicity upon systemic application thereby preventing the maximal possible CD40 activation in the tumor
microenvironment. In this respect, it is worth mentioning that preclinical studies have shown that the intratumoral
and systemic application of anti-CD40 antibodies is therapeutically equally effective, but that local application in the
tumor is associated with fewer side effects LAILEILIN0121] \oreover, a recent study showed that TNF inhibition
prevented the hepatotoxicity triggered by combined treatment with an anti-CD40 antibody and gemcitabine without
affecting antitumor activity 22, Thus, the maximal exploitation of potent autonomous CD40 agonists for tumor
therapy may require defined treatment regimens that restrict the antibody activity to the tumor area and/or

systemically inhibit CD40 effector molecules.

CD40 is strongly expressed on the surface of many hematological malignancies and CD40 expression can also be
quite high on solid tumors. In line with this, early on there were also tumor therapy concepts with anti-CD40
antibodies aimed at the exploitation of Fc domain-mediated immune effector mechanisms, such as ADCC
(antibody-dependent cellular cytotoxicity), CDC (complement dependent cytotoxicity) and ADCP (antibody-
dependent cellular phagocytosis) to destruct CD40-expressing tumor cells (Figure 3B). In accordance with the fact,
discussed below in detail, that FcyR-interacting anti-CD40 antibodies regularly acquire potent CD40-stimulatory
activity (Figure 3A,B), there is furthermore evidence that such immune effector function-stimulating antibodies also
trigger cell death and growth arrest by CD40 engagement. Indeed, proapoptotic CD40 effects have been described
in various tumor entities (231 but antiapoptotic CD40 activities have been reported as well (e.g., 2423 |n view of
the fact that CD40 signals proliferation of non-transformed B-cells 28 and protects B-cells from cell surface
immunoglobulin- and CD95-induced cell death 2428129 the cytotoxic activity of anti-CD40 antibodies on B-cell
lymphomas is at first glance counterintuitive but could reflect that the cellular vulnerability to CD40 depends from
signal strength, context and differentiation status of the cell. Indeed, CD40-induced upregulation of death ligands
and the death receptor CD95 along with apoptosis induction in the absence of B-cell receptor (BCR) signaling have
also been reported for non-transformed B-cells [BE1I32][33](34]
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The balance between the triggering of immune effector functions (ADCC, ADCP) and CD40 signaling induced by
FcyR-interacting anti-CD40 antibodies in vivo is obviously not only dependent on the availability of FcyR-
expressing immune cells in the neighborhood of CD40-expressing cells but also on the FcyR type expressed by
these immune cells. Dominant expression of inhibitory FcyRs could favor triggering of CD40 signaling while
preferential expression of activating FcyRs could tip the balance towards cell destructive immune effector
mechanisms (Figure 1A,B). Accordingly, anti-CD40 antibodies with mutations conferring preference for binding of a
certain FcyR type have the potential to shape the in vivo activity of anti-CD40 antibodies towards a certain
direction. For example, Horton et al. 3 introduced in a humanized IgG1 variant of the anti-CD40 antibody S2C6
two point mutations (S239D/I332E) conferring, in comparison to the non-mutated 1gG1l molecule, strongly
enhanced binding to all human and murine FcyRs, in particular to human FcyRllla and murine FcyR1 and FcyRIV.
The resulting antibody XmAbCD40 and its parental IgG1l variant induced with a similar dose-response
antiproliferative effects in Raji and Ramos cells but XmAbCD40 showed a significantly enhanced ability to trigger
ADCC and ADCP B3], This suggests that the particular strong increase in affinity for FcyRllla in XmAbCD40 has
preferentially affected the ability of the antibody to trigger cell destructive immune effector functions. Vice versa,
anti-CD40 antibody variants specific for murine or human CD40 harboring mutations selectively enhancing the
affinity for the human inhibitory antibody FcyR2B showed strongly enhanced CD40 signaling in vitro and in FcyR2B
and CD40/FcyR2B humanized mice B887 Remarkably, at higher doses the FcyR2B-selective human CD40
antibody showed significant hepatotoxicity hindering tumor therapy by systemic application, but the latter could be

overcome by intratumoral injection 19,

The in vivo effects of some anti-CD40 antibodies stimulating immune effector mechanisms could be further
complicated by the fact that these antibodies also interfere with CD40L-CD40 interaction or modulate the activity of
soluble CD40L. Therefore, at localizations where neither stimulatory nor inhibitory FcyRs are present/available they
might neither destruct CD40-expressing cells nor stimulate CD40 signaling but instead block CD40 engagement by
endogenous CD40L or enhance the activity of soluble CD40L (Figure 1D,E and Figure 2A). For example, the anti-
CD40-1gG1 Lucatumumab (HCD122, CHIR-12.12) triggers antibody-dependent cell-mediated cytotoxicity (ADCC)
but also efficiently inhibits CD40L-CD40 interaction 2839 \While attempts to target lymphoma with this antibody
aimed on the exploitation of both of these functions, a Fc-silenced form of this antibody (CFZ533) was generated to
avoid ADCC and to solely block CD40-CD40L interaction for immunosuppressive treatments 9. Indeed, as
already discussed., CFZ533 has been successfully used in nonhuman primates to prolong renal allograft survival
without inducing B-cell depletion and Iscalimab, a fully humanized version of CFZ533, showed clinical activity in
patients suffering on Graves Disease in a proof-of-concept trial and was well tolerated in a phase | study
(NCT02089087) with healthy subjects and rheumatoid arthritis patients 2341142l Fyrthermore, certain non-blocking
anti-CD40 antibodies might be able to induce clustering of poorly active sCD40L-induced CD40 complexes
resulting in enhanced CD40 signaling [421441[45]146]. (Figure 1E and Figure 2A).
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Figure 2. Activating CD40 clustering by (A) mixtures of sSCD40L and non-blocking anti-CD40 antibodies, (B) anti-
CD40 antibody fusion proteins with an anchoring domain enabling binding to a plasma membrane-localized
anchoring structure or (C) anti-CD40-hlgG2 antibodies. Dotted lines indicate plasma membranes. For details,

please see text.

2.1. Agonism of Complexes of Anti-CD40 Antibodies and FcyRs

With respect to anti-CD40 antibodies, it is extremely important to distinguish between FcyR-independent and FcyR-
dependent agonistic activity, thus between the intrinsic ability of an antibody alone to trigger CD40 signaling and
the ability of complexes of an antibody with FcyRs to do so. In the past 10 years, extensive in vitro and in vivo
studies have given comprehensive evidence that virtually every CD40-specific antibody elicits agonistic activity
when bound to Fcy receptors BEIETIATMEE] 1t is worth mentioning that the agonism of FcyR-interacting anti-CD40
antibodies is independent of FcyR downstream signaling 27 and can also be realized with FcyR-transfected non-
immune cells e.g., [48][49](50] Therefore, the sheer plasma membrane-associated mode of presentation of anti-CD40
antibody molecules appears to be sufficient to constitute the agonism of anti-CD40 antibody-FcyR complexes. The
nature of the FcyR type appears only to be in so far of relevance for the agonism of anti-CD40 antibodies that
FcyRs differ in their affinity for the various 1gG isotypes and that therefore certain anti-CD40-1gG-FcyR complexes
form more efficiently than others. This issue, however, can gain overwhelming importance in vivo since the type of
immune cell present in a certain tumor entity as well as the FcyR expression pattern of the various immune cell
types varies considerably and the different antibody isotypes have quite different preferences for FcyRs [51][52]

Therefore, the combination of the availability of the “right” immune cell type together with the FcyR specificity of a
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certain anti-CD40 antibody isotype has obviously a significant impact on the achievable agonism in vivo and can
explain why anti-CD40 antibodies show quite different in vivo performance ranging from antagonism over model-
dependent quantitatively widely differing agonism despite having a comparable FcyR-dependent agonistic activity

in vitro.

Several groups have shown that bispecific anti-CD40 antibody variants that recognize plasma membrane-
associated targets distinct from CD40 elicit up to a 1000-fold increased CD40-stimulating activity after binding to
this second antigen BYBESIBAIESIBE These studies not only demonstrate that the agonism manifesting anti-CD40
antibody-FcyR interaction can be replaced by molecularly different interactions emphasizing the relevance of the
plasma membrane-associated presentation mode for agonism, but also offers the opportunity to prevent systemic

CD40 activation by addressing a selectively expressed target, e.g., a tumor antigen.

It appears quite plausible that the agonism of FcyR binding-competent anti-CD40 antibodies is due to the same
molecular mode of action that also applies to the much stronger CD40-stimulating activity of membrane CD40L
compared to soluble CD40L trimers. Namely, the presence of high local concentrations of plasma membrane
agonist-bound CD40 molecules (FcyR-anti-CD40-antibody-CD40 dimers) in the cell-cell contact zone between

CD40" cells and FcyR* cells favoring secondary clustering to fully active oligomeric agonist-CD40 complexes.

In view of the fact that anti-CD40 antibodies bound to FcyRs regularly display strong agonism, it is evident that the
clinical development of in vivo antagonistically acting anti-CD40 antibodies is de facto only possible with antibody
isotypes that do not or only very slightly interact with FcyRs, or with immunoglobulin mutants with defective FcyR
binding (e.g., IgG1-N297A or IgG1-LALA).

2.2. Problems and Limitations of CD40 Engagement by FcyR-Interacting Anti-CD40
Antibodies

In general, it must be considered that it is typically not possible to achieve activation of all CD40 molecules with
anti-CD40 antibodies in vivo, due to the limited availability of FcyR molecules. For example, anti-CD40-mlgG1
antibodies stimulate significant proliferation of B-cells from wild-type mice but not of B-cells from FcyRIIB-deficient
mice 8. However, this FcyRIIB-dependent CD40 agonism can be further increased by one to two orders of
magnitude in the wild-type and FcyRIIB-deficient B-cells if FcyR-expressing transfectants are added [48l,
Apparently, the physiological FcyR expression levels of B-cells are not sufficient to allow occupancy of all CD40
molecules of the B-cells with FcyR binding-competent anti-CD40 antibody molecules. Furthermore, the binding of
anti-CD40 antibodies to activating FcyRs not only empower these antibodies to efficiently activate CD40 but, as
discussed already before, can also result in the destruction of the CD40-expressing target cells by effector
functions of the FcyR-expressing cells. Finally, conventional anti-CD40 antibodies have to compete with
endogenous IgG molecules for FcyR binding, resulting in the need to apply high anti-CD40 antibody doses to reach

relevant FcyR occupation.

2.3. Anti-CD40 Antibodies with Intrinsic Thus FcyR-Independent Agonism
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The majority of reports on agonistic anti-CD40 antibodies investigated CD40 agonism in FcyR-expressing cell
types (DCs, B-cells) or observed enhanced anti-CD40 agonism upon crosslinking with secondary antibodies but
nevertheless imprecisely attributed the agonism solely to the anti-CD40 antibody and not to the FcyR-bound
antibodies or the anti-CD40-anti-lgG complexes. Thus, many published “agonistic” anti-CD40 antibodies have no

or only extremely moderate intrinsic agonistic activity.

However, some studies have explicitly demonstrated robust intrinsic autonomous agonism of anti-CD40 antibodies,
especially for anti-CD40 antibodies of the human 1gG2 isotype (higG2) B7. Interestingly, the agonistic activity of
anti-CD40-hlgG2 antibodies has been assigned to isoform B of the higG2 isotype, which differs from the A isoform
of the hlgG2 molecule in the formation of disulfide bridges between the CH1 and CL domains, and has a less
flexible arrangement of the two Fab domains of the antibody 28IBA6AEL - Anti-CD40-hlgG2 antibodies that have
mutations that produce either only isoform A (e.g., HC-C233S) or only isoform B (e.g., HC-C127S or LC-
C214S/HC-C233S) therefore elicit no agonistic activity or even show an increased FcyR-independent agonism
compared to the parental higG2 molecule BZ. In line with the two-step model of CD40 activation, it has been found
that most anti-CD40-1gG2B antibodies, in contrast to their IgG1 counterparts, indeed autonomously trigger strong
CD40 clustering 2. However, it is unclear, whether the secondary clustering of initially formed CD40-1gG2B
complexes is powered by CD40-CD40 or 1gG2B-IgG2B interactions (Figure 2C). It is also worth mentioning that
the FcyR-independent agonism of anti-CD40-hlgG2 or anti-CD40-hlgG2B antibodies seems to still be significantly
lower than that of FcyR binding-competent anti-CD40 antibodies in the presence of FcyRs or have been

challenged for its relevance in the human system [26€1[48],
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