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Immune homeostasis is crucial in a normal physiological, diseased, or pathogenic
state and is mediated by numerous biological molecules. Certain pairs of costimulatory
molecules, such as CD40-CD154 play major roles in many different situations. The functions
of CD40-CD154 are pivotal for the maintenance of the immune system, cancer prevention,
promotion of autoimmune disorders, and fighting against many pathogens. Since the discovery
of CD40-CD154, numerous approaches have been taken to dissect this pathway favoring the
interest of the host. Ranging from generating small peptides to mutated CD40L to agonistic or
antagonistic antibodies have been tested in different models with varying levels of success. This
review focuses on the various strategies that have been employed to manipulate CD40-CD154
dyad. Comprehensive knowledge of the understanding of different manipulation strategies of
the CD40-CD154 pathway could be important for therapeutic purposes.
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CD40 belongs to the TNF receptor
superfamily member, which qualifies as a
transmembrane receptor. CD40 is observed to
be expressed on the surface of many cell types
such as B-cells, dendritic cells, macrophages,
monocytes, etc. that engages its cognate ligand,
called CD154 [also called CD40 ligand or
CDA40L] expressed mainly on the activated T-cells.
During normal immune functions, depending on
specific cell types the engagement of membrane-
bound CD40 with its ligand evokes several
important functions, including but not limited to
differentiation of B lymphocytes, isotype switching
of immunoglobulins, and development of the
germinal center !. Moreover, dendritic cells are
licensed to stimulate T-cells that build up anti-
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tumor activity in a CD40-dependent manner, for the
formation of a germinal center, B-cells expressed
CD40 are essential 23. Contrary to this, the ligation
of CD40 with CD40L serves as the driver of
many chronic inflammatory diseases including
atherosclerosis, lupus nephritis, systemic lupus
erythematosus, colitis, autoimmunity, etc. *°. The
information presented above attests to the fact that
CDA40 shows pleiotropism in its functions and can
be considered as a double-edged sword in which,
on one hand, the ligation of CD40 with CD154
is crucial for the execution of several important
immunological functions that maintain immune
homeostasis such as anti-leishmanial functions
7. on the other hand, successful CD40-CD154
engagement drives several pathological conditions
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in humans promoting diseases. This leads us to
think about the feasibility of CD40 signaling being
manipulated to evoke agonistic or antagonistic
effector functions.

Since the discovery of CD40, numerous
publications exist that describe how its agonists
or antagonists can be designed *'°'2. Agonists are
molecules that evoke the same response as the
original ligand does, whereas, antagonists are those
that do bind with the receptor as the original ligand
but there is no effect due to its binding. Antagonists
rather function by preventing the binding of
the original ligand and receptor. Agonists or
antagonists modulate the functions of the CD40/
CD40154 axis at the level of receptor-ligand
interaction. The principles of how this binding of
different molecules with the same receptor evokes
differential functions were not clear. We propose
this could be a function of the ligand binding to
CD40. As a result, attempts to dissect the CD40/
CD154 pathway using various ligands have been
proven to be useful in many pathological cases
including cancer, and leishmaniasis *'*'*. How the
property of ligands impacts the binding with CD40
leading to functional differentiation is intriguing.
Here, we review the available literature describing
the usages of different natural or modified agonistic
or antagonistic ligands and the underlying principle
that makes them so, which can be utilized to devise
strategies to combat many diseases arising from a
deficiency at the interface of the CD40 receptor-
ligand dyad.

Strategies of Manipulation of CD40
on immune homeostasis and Disease Systems:
CDA40 influences a range of functions being
part of the success of the immune system. Wide
involvement of the CD40-CD154 dyad in various
immune mechanisms and pathological conditions
attracted scientists to manipulate this pathway.
We categorize various strategies of manipulation
as given and describe them in a comprehensive
manner. We begin with a brief description of the
interaction of CD40 with its natural ligand CD154.

Interaction of CD40/CD154: CD154
is the classical ligand for CD40 [Figure 1] and
consists of 261 amino acids of which the first
22 amino acid residues make up the cytoplasmic
domain and the next 24 amino acid residues make
up the transmembrane domain embedded in the
membrane. This is followed by an extracellular

domain of CD40, which contains three Cysteine-
rich domains. [CRD] stabilized by disulfide bonds
15, A few amino acid residues are important during
contact with CD40. The crystal structure of CD40-
CD154 suggests that two key residues at positions
143 and 145 [Tyrosine at 145 i.e., Y145, and
Lysine at 143 i.e., K143] are crucial for binding
with CD40. In addition, residues such as Serine at
the 128" position [S128], and Glutamic acid at the
129" position [E129] might participate in binding
with its receptor. A mutational study indicates that
residues such as Serine at position 131, Asparagine
at position 180, Phenylalanine at position 201,
Glutamic acid at position 202, and Asparagine at
position 240 are not crucial for binding, though
their position in the binding site is evident.

CDA40, on the other hand, consists of
277 amino acid residues, of which the first 21-
193 residues compose the extracellular domain
that has altogether three CRD stabilizing the
structure, followed by 215 residues that make up
the transmembrane domain and the cytoplasmic
domain is comprising 216-277 residues. The
extracellular domain of CD40 binds with the
crevice composed of two CD154s where the
hydrophilic and charge interactions are major
forces. Whereas, CD154 supplies positively
charged residues [Lys143, His249, Arg203, and
Arg207], CD40 contributes negatively charged
residues [Glu74, Asp84, and Glul17] '°. Besides,
Tyrosine at position 82 and Asparagine at position
86 are also important for binding with their ligand
16, Altogether, we understand that certain amino
acid residues play extremely important roles during
the interaction phase impacting the final outcome
of the CD40-mediated pathway.

Interaction of CD40 with Hsp70 and
its analog: It was previously shown using a
coimmunoprecipitation study that THP-1-
expressed CD40 is able to physically associate
with mycobacterial heat shock protein (Mtb
HSP70) . The following year, another report
came up that demonstrated that CD40 also serves
as a cell-surface expressed receptor that responds
to previously unreported molecules, called human
Hsp70 in presence of ADP [Figure 1] via the
ATPase domain which is present at the C-terminal
domain of Hsp70 '*!° and the engagement leads to
phosphorylation of p38.
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Mutational manipulation of CD154:
Because amino acid residues are crucial for
the effective interaction between CD40 and
CD154, attempts have been made to perform
point mutations on the ligand to alter the final
outcome. Five residues were targeted for site-
directed mutagenesis: S128, E129, K143, G144,
and Y145 3. Substitution of S128 to V [S128V]
shows a lower value of K| indicating reduced
affinity of the interaction with CD40 as compared
to the wild type. S128V is anti-inflammatory as
evidenced by the induction of more IL-10 than IL-
12 in assays. E129V serves as a pro-inflammatory
ligand variant, though this, too, has reduced affinity
for the receptor. Other point mutations such as
K143A, G144V, and Y145F alter the affinity of
the interaction, but they don’t significantly change
the biological responses. Bioinformatic analysis
suggested that these variants can bind at different
sites in the binding region of CD40 influencing
the conformation to bring about the differential
functions. This study for the first time demonstrated
residue-specific encryption of messages on the
ligand that can dictate the duality of its functions.

Interaction analysis by Phage Display
Derived Peptides: In the past, phage display
technology was exploited to derive the sequences
of dodecameric peptides, which were screened
against the CD40-ECD for ensuring their binding

B-cells,
dendritic cells,
macrophages,
or monocytes

with CD40. Finally, two peptides were derived
with contrasting functions. While one peptide
showed anti-inflammatory properties inducing
more IL-10 than IL-12, another peptide induced
more IL-12 than IL-10 7. Thus, these two peptides
were contrasting in functions. Even though the
anti-inflammatory peptide had reduced affinity
compared to the wild-type CD154 [wtCD154], the
affinity of the peptide with the pro-inflammatory
property was comparable to that of the wtCD154.
These data suggest that affinity does not have a
direct correlation with agonistic or antagonistic
activity. Interestingly, the pro-inflammatory peptide
could possibly either cluster for interaction or
it may interact with CD40 which is oligomeric.
Again, the bioinformatic study suggested that these
peptides bind to at least two different places on
CD40 and that could probably explain its functional
duality.

Interaction analysis by XIgM-related
peptides: Patients suffering from XIgM have
elevated levels of I[gM and concomitant abnormally
low levels of IgA, IgG, and IgE immunoglobulins
and recurrent opportunistic infections. Many
mutations have been mapped so far in XHIM
patients to date 2°. Many of these mutations
impart structural instability to CD154, and a few
have been demonstrated to generate ligands that
fold and express properly but through minute

hHsp70
1

CD40  CD154
Soluble or T-cell
membrane bound

Fig. 1. Binding partners of CD40
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Fig. 2. A summary of manipulation strategies of CD40-CD154 interaction

conformational changes, they evoke differential
CD40-mediated functions. 115-155 stretch of
amino acid is considered to be the ‘hotspot’ for
mutation on CD154 for XIgM patients. 41-mer
peptides derived from this hotspot of CD154 on
XIgM patients were analyzed using combinations
of different biochemical and immunological
techniques and demonstrated that they differentially
altered CD40 signaling and various related
biological responses including secretion of various
pro- and anti-inflammatory cytokines, T-cell
mediated anti-leishmanial responses.
Monoclonal Antibody: Monoclonal
antibodies are very useful in the treatment of
several diseases. Significant progress has been
observed in recent years in the clinical use of
monoclonal antibodies. Targeting CD40 using mAb
is an attractive choice for many to treat CD40-
mediated diseases. For example, a significantly
higher expression of CD40 is seen in carcinoma

and B-cell malignancies *!. AmAb called, SGN-14
is used to treat the disease.

Isotype switching: Certain antagonistic
monoclonal anti-CD40 antibodies are used to
treat cancer, such as 341G2 (bleselumab) °. This
antibody competes with CD154 and the binding of
CD154 is inhibited when this antibody is present
in a dose-related but isotype-independent way.
This is not surprising, since the steric blockade is
Fc-independent. Interestingly, switching isotypes
have a distinct effect on the activity of the antibody
in the CD40-mediated pathway. While switching
to IgG1 and 4 from IgG2 retains its antagonistic
activity. However, switching to the IgG2 isotype
makes it super-agonistic, and the activity of the
NF-kb pathway is comparable to trimeric CD154.
The effect is mediated through the clustering
of CD40 on the membrane promoting CD40
downstream signaling. Moreover, differential
disulfide bonding contributes to the agonistic
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activity of the antibody, since the switching of
a hinge region lacking specific cysteines causes
the antibody to lose the agonistic activity. This
is primarily because an inverse correlation exists
between hinge flexibility and agonistic ability *.
This study also clearly emphasizes that the concept
of switching isotype applies to at least one more
CD40 antibody. Besides, the concept of isotype
switching has also been used successfully in other
systems such as 41BB, as well as members of the
B7- CD28 superfamily #. It is not yet clear how
exactly this flexibility imparts agonistic activity for
the CD40-mediated pathway, which is unknown.

Usage of Agonistic antibodies:
Monoclonal antibodies such as ABBV-323 function
as antagonistic antibodies through their capability
to arrest the non-signaling dimeric form of CD40
which sterically prevents CD40L recognition.
Certain substitution in amino acid sequences of
Fab of ABBV-323 [from non-polar to basic polar]
switches agonistic [called FAB516, FAB518] to
antagonistic ligands [ABBV-323] through the
formation of antiparallel dimeric CD40 that fails
to bind its classical ligand, CD154 2, [Table 1].

Usage of Antagonistic antibodies:
Antibodies that are antagonists are used to treat
various autoimmune and inflammatory disorders
such as experimental colitis, and Crohn’s disease.
Antagonizing the effect of ligation of CD40
and CD154 has a profound effect on various
autoimmune and inflammatory disorders. Ch5D12
is an example of an antagonist that manipulates
the CD40-CD154 dyad 2. CHIR-12.12 is another
example of an antagonistic antibody that binds with
the CD138" multiple myeloma cells. CHIR-12.12
abolishes CD154-mediated viability of CD40"
multiple myeloma cells regardless of the presence
or absence of bone marrow stromal cells (BMSC)
through inhibition of PI3-K/AKT, NF-éB, and
activation of kinases such as ERK induced by
CD154 %,

CONCLUSION

Manipulating the CD40-CD154 pathway
is not easy for the therapeutic purpose, since, this
may lead to side effects. For instance, a higher-
than-expected number of thromboembolic events
is associated with the treatment of SLE patients
using anti-CD154. Although manipulation of the

CD40-CD154 pathway showed variable levels of
outcome and success, this pathway can’t be ignored
from the therapeutic perspective. Many diseases
are the result of inappropriate activation of CD40
pathways, whereas, others may be attributed due
to a deficiency in this pathway. Especially, certain
pathogenic disorders impact the CD40 axis.
Therefore, manipulating this pathway is crucial
and a correct strategy must be devised depending
on the situation to minimize side effects while
simultaneously maximizing the desired effects.
Modulation of the pathway can be brought about
by generating CD40-interacting small peptides
derived from Phage-Display screening. Although,
in vivo how these peptides will behave is unknown
yet. Further modifications may be required to
make them physiologically more stable. Though
it can’t be guaranteed, this problem could be
presumably overcome by using natural ligands
of CD40 modified by site-directed mutagenesis.
Agonistic or antagonistic mAbs are useful as they
are relatively stable in the physiological setup.
A pictorial summary has been presented for ease
of understanding of the current status of various
strategies employed to dissect the CD40 pathway
[Figure 2]. Our review establishes important
aspects of the present scenario of the strategies
for manipulating the CD40 pathway that is crucial
considering the pleiotropic role of CD40 in immune
homeostasis.
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