ImmunoTargets and Therapy Dove

REVIEW

Multiple effects of CD40-CD40L axis in immunity
against infection and cancer

Anjuman Ara'?
Khawaja Ashfaque Ahmed'?
Jim Xiang'?

'Cancer Research Cluster,
Saskatchewan Cancer Agency,
Saskatoon, Saskatchewan, Canada;
Division of Oncology, College of
Medicine, University of Saskatchewan,
Saskatoon, Saskatchewan, Canada

Correspondence: Jim Xiang

Cancer Research Cluster, Room 4D30.1,
Saskatchewan Cancer Agency, 107
Wiggins Road, Saskatoon, SK S7N 5ES5,
Canada

Tel +1 306 966 7039

Fax +1 306 966 7047

Email jim.xiang@usask.ca

This article was published in the following Dove Press journal:
ImmunoTargets and Therapy

Abstract: CD8* cytotoxic T lymphocyte (CTL) protects against infection and cancer cells.
Understanding the mechanisms involved in generation and maintenance of effective CTL
responses is essential for improving disease therapy and vaccine protocols. During CTL
responses, immune cells encounter several tightly regulated signaling pathways; therefore, in such
a dynamic process, proper integration of critical signals is necessary to orchestrate an effective
immune response. In this review, we have focused on CD40-CD40L interactions (a key signal)
in the regulation of dendritic cell (DC)-T cell (CD4* T and CD8* T) cross-talk, rescuing CTL
exhaustion, and converting DC tolerization. We have also highlighted the knowledge gap and
future directions to design immunotherapies.
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Introduction

CDS8*cytotoxic T lymphocyte (CTL) responses play a critical role in immunity against
infection and cancer.! Three key molecular signals are required to generate effective
CTL responses. Signal 1 is delivered when antigen-specific T-cell receptor (TCR) binds
to peptide-loaded major histocompatibility complex (MHC) on antigen-presenting cells
(APCs) and signal 2 is generated through the engagement of costimulatory molecules,
namely B7-1 (CD80)/B7-2 (CD86) and CD28 (e.g., T-cell CD28/APC CD80).! Con-
sequent to Ag-specific T cell-APC interactions, an immunologic synapse is formed
comprising a central cluster of TCR-MHC—peptide complexes and CD28-CD80
interactions surrounded by rings of engaged accessory molecules (e.g., complexed
LFA-1-CD54).13 The third signal is the secretion of cytokines, which further enhance,
modify, and skew the responding effector CTLs.** If signal 1 is generated in the absence
of signal 2, then it renders tolerance instead of immunity.® Thus, costimulation or
efficient engagement of different surface molecules on APCs and T cells is important
to trigger efficient immune responses.

Costimulatory molecules are generally divided into two groups: the CD28/B7 family
group and tumor necrosis factor (TNF)/tumor necrosis factor receptor (TNFR) family
group. CD28 is a T-cell surface receptor that binds to costimulatory molecules B7-1
(CD80) and B7-2 (CD86) on APCs such as dendritic cells (DCs) and macrophages, and
is involved in triggering of cell-mediated immune responses.” The inhibitory molecule
of the CD28 family is cytotoxic T lymphocyte antigen 4 (CTLA-4). CD28 and CTLA-4
are two receptors that recognize the same ligands (B7 molecules) but have opposite
functional effects on T-cell activation.® CD40 is a member of TNFR family, which
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includes 0X40 (CD134),4-1BB (CD137), and CD27.° 0X40
is expressed on activated T cells, whereas its ligand partner
OX40L is located on APCs.!°4-1BB (CD137) is expressed on
B cells, macrophages, and DCs, whereas its ligand 4-1BBL is
expressed on DCs and macrophages.!! The ligand for CD27,
CD70, is also found on APCs.'? TNF/TNFR family members
are induced in hours to days following the TCR engagement
and involve later stages of T-cell activation.'® In this review,
we focus on CD40—-CD40L engagement in licensing DCs,
promoting T-cell memory and converting CTL exhaustion
in chronic infection.

CDA40 receptor and its ligand CD40L (CD154) belong
to the TNF:TNFR family. CD40 was originally identified as
a surface marker on bladder carcinoma cells and B cells.!*
Later, CD40 has been found to express on B cells, macro-
phages and DCs, as well as many nonimmune cells. CD40-
CDA40L signaling in B cells is important for generation of
long-lived plasma cells and memory B cells as well as for
their survival. Here, we focus on the role of CD40-CD40L
signaling in T-cell immunity. The CD40L is a natural ligand
for CD40 and a Type II, 39-kDa membrane glycoprotein.
Following CD40—-CD40L interaction on the cell surface;
intracellular signaling is facilitated by recruitment of TNFR-
associated factors (TRAFs) in the inner membrane of cells,
which leads to the activation of different pathways, such as
the canonical and noncanonical nuclear factor KB pathway,
mitogen-activated protein kinases, phosphatidylinositol-3
kinase (P13K), and the phospholipase Cy pathway.'> CD40—
CDA40L is a pair of costimulatory molecules, and their interac-
tion is necessary for successful adaptive immune responses.
There is a plethora of reports that suggest the importance
of CD40-CD40L interaction in immune responses mainly
in the development of CD8" CTLs. Two models have been
proposed by different labs regarding CD40 signaling in
CTL responses.'® The first model suggests that stimuli from
CDA40L of CD4* T helper (Th) cells to CD40-expressing
DCs are essential for DC maturation (licensing), and in
turn, licensed DCs can trigger effective CTL responses.!®
However, the requirement for CD40 in DC licensing can
be bypassed by inflammatory responses to pathogens that
activate APCs directly."” The second model suggests that
CD40L-expressing CD4" T cells activate CD40-expressing
CD8* T cells directly,' predicting that CTL responses to all
antigens require CD40 signaling on CD8* T cells. Altogether,
the important roles for CD40—CD40L interaction give rise to
many immune events, which is very important for the host
defense against pathogens and cancer.

CDA40 signaling on DCs for DC licensing

Immune responses to helper T-cell-dependent antigens
require CD4* T-cell help.” DCs cannot prime naive CD8*T
cells in MHC II knockout mice (CD4* T deficient). It was
shown that CD4* T cells provide help by engaging their
CD40L?* with CD40 on DCs and license DCs to make them
a powerful stimulator of immune response.!*2!*? Later, it was
suggested that licensed DCs mediate CD8* T-cell responses
by enhancing B7 molecules expression and secretion of
cytokines such as interleukin 12 (IL-12) that promotes T-cell
differentiation.?! Moreover, CD40—CD40L interaction also
causes an increased expression of MHC, costimulatory, and
adhesion molecules and results in an enhanced induction of
proinflammatory chemokines and cytokines in DCs.? Thus,
activation of DCs through CD40-CD40L signal provides
the “CD4* T cell help” necessary for empowering DCs to
cross-prime naive T cells.* But the conundrum was how these
three cell types, which are rare and migratory, present in the
same location to interact with each other. Moreover, there
are several reports that provided incongruous results that
CD4*T cells can activate APCs through a CD40-independent
pathway.?>? However, it was suggested that when DCs
are activated by cognate CD4* T cells, DCs start secreting
chemokines CCL3 and CCL4.?” Chemokines guide cognate
interaction of CCR5-expressing CD8" T cells with licensed
DCs, leading to triggering strong CTL responses through
three-cell interactions.?” Our lab previously provided in vivo
evidence for a dynamic three-cell interaction model for CTL
responses, wherein once DCs are licensed by DC-CD4* T-cell
interactions, licensed DCs do not require the simultaneous
presence of cognate CD4* T cells,'® which is in contrast to the
previous study suggesting absolute requirement of DC—CD4*
T-CDS8" T ternary clusters for CTL responses.'® However,
it was not determined if CD40—CD40L interaction induces
DCs to secrete CCL3 and CCL4 chemokines. Furthermore,
it was not known if DCs licensed through CD40-CD40L
interaction requires CCR5 expression by CD8* T cells to
induce CTL responses.

CD40 signaling on CD8' T cells for T-cell

memory

CDA40 is expressed not only on APCs such as B cells and
DCs, but also on activated CD8* T cells.?* However, it was
not clear which cellular population plays a critical role in
delivering CD40 signaling for CTL responses. Bourgeois
et al have demonstrated that generation of memory CD8*
T cells involves expression of CD40 on CD8" T cells, but
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requires CD4* T-cell help through CD40—CD40L interaction
for forming DC—CD4*T-CD8* T ternary cluster.'® Authors
further suggested that such CD4-CD8 T-cell interaction
for CD40-CD40L signaling absolutely required DCs and
three-cell interactions, but activation of CD8* T cells was
independent of CD40 expression by DCs.!® In an infectious
disease model, a previous study reported CD40L expres-
sion on DCs, and suggested that CD40L-expressing DCs
could deliver CD40—-CD40L signaling onto CD8" T cells
for induction of CTL responses without requiring CD4*
T cells.?® Intercellular trogocytosis (a new phenomenon in
cellular immunology) that is the exchange of membrane
molecules between immune cells such as DCs and T cells
through 1) internalization and recycling of molecules in
synapse formed between DCs and T cells, 2) dissociation-
associated process, 3) absorption of DC-released exosomes
(EXOs) by T cells, and 4) uptake of DC membrane nano-
tube by T cells has been found to play an important role in
modulation of immune responses (Figure 1).? Previously,
we proposed a dynamic two-cell interaction model for
induction of CTL responses.*® According to this proposed

model, CD4* helper T cells when activated by DCs acquire
not only the synapse-composed MHC class II and costimu-
latory molecules (CD54 and CD80), but also the bystander
pMHC-I from APCs through a process called internalization
and recycling of molecules in synapse formed between DCs
and T cells (Figure 1),*' and become CD4* T-helper APCs
(Th-APCs) that can directly stimulate CD8" CTL prolifera-
tion and memory formation (Figure 1).2* We demonstrated
that Th-APCs can also form through DC-released EXO
uptake (Figure 1).3*%* We showed that nonspecific CD4* T
cells can uptake antigen-specific DC-released EXOs and are
able to stimulate antigen-specific CD8* CTL responses and
long-term T-cell memory.* Later, our lab provided in vivo
evidence for the direct CD4* T-cell-CD8* T-cell interactions
and demonstrated that such interactions do not require the
simultaneous presence of DCs.'® Using two-photon imaging,
we further provided definite evidence that pMHC-I-acquired
CD4'T cells can directly interact with CD8" T cells for deliv-
ering CD40L signal in vivo.'® A recent study from another
group also provided two-photon imaging data that strongly
supported our finding of direct CD4* T-cell-CD8&"* T-cell

oMHC-II PMHC-I Co-stimulation
CD8*T
Licensed DC
pMHC-I/TCR
DC Cytokines
Proliferation and
2 pMHC-II/TCR (Signal I) memory formation
® CD40 Cytokines (Signal Il)
)] / Co-stimulation (Signal Il1)
5 CD40L
pMHC-I
CD4*T
ogq CD40L/CD40
CJ/fosl-
- s
X0,
* Mgy, 30me CD4* Th-APC cDs* T
~ Djsgor: ane Plake
" Intey,, Yatiop, "ot pMHC-IITCR
ona)yeSSoci,
atioy, e élon
Yelng IL-2

Figure 1 CD40-CDA40L interactions at DC-T cell and T cell-T cell interface.

Proliferation and
memory formation

Notes: The cross-priming DC first interacts with the antigen-specific CD4* T for the crucial first step in CD40-CD40L-dependent CTL responses through pMHC-II
and TCR (signal |), CD80-CD28 (signal 2), and cytokine (signal 3). CD40L-expressing CD4* T interacts with antigen-carrying CD40-expressing DC, and such DC-CD4*
T interactions result in DC licensing and CD4* T-cell activation (priming). Cognate CD8" CTLs can then receive helper or stimulatory signals, not only from DC-CD4*
T clusters but also separately from fully licensed DCs and CD4" T cells, even after their dissociation from DC-CD4* T clusters. CD4" helper T cells when activated by
DCs acquire not only the synapse-composed MHC class Il and costimulatory molecules (CD54 and CD80), but also the bystander pMHC-| from DC through trogocytosis
(internalization, dissociation—association, exosomes uptake, or membrane nanotubes) and become CD4* Th-APCs, resulting in direct CD4* T-CD8" T-cell interactions and
subsequently delivery of CD40L signaling to CD40-expressing CD8" T cells.

Abbreviations: APC, antigen-presenting cell; CTL, cytotoxic T lymphocyte; DC, dendritic cell; IL-2, interleukin 2; pMHC, peptide major histocompatibility complex; TCR,
T-cell receptor; Th-APCs, T-helper APCs.
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interactions.** In an infection model, Johnson et al showed
that murine splenic DCs expressed CD40L after the viral
infection or Toll-like receptor stimulation, which triggered
CTL responses through signaling CD40 on CD8* T cells.?®
Our study previously demonstrated that CD40L on CD4* T
cells is crucial for a direct CD40 signaling on CD8" T cells
leading to an effective CTL response in noninflammatory
conditions.'® We further reported that pMHC-I complexes-
acquired CD4* Th-APCs through their endogenous IL-2 and
CD40L signaling enhance survival of transferred CTLs and
their differentiation into functional memory CTLs capable
of protecting against highly metastasizing tumor challenge.*
These findings'®'%33 strongly suggest that CD40—CD40L
signaling is critical for an effective CTL response, and that
the consequences of CD40 signaling are complicated and
depend on the type of cells expressing CD40 and the milieu
in which the CD40 signal is provided.

Counteraction of DC tolerization by
CD40 signaling

Subsets of DCs that present signal 1 (e.g., antigen peptide—
MHC complex) but not signal 2 (costimulatory signal) are
defined as “immature” or “tolerogenic” DCs that can induce
development of CD4* or CD8" regulatory T cells and anergy
of antigen-specific T cells.’* CD40 ligation has been used
to boost CD8* T-cell responses to tumors and to break the
peripheral self-tolerance.” Brossart et al reported generation
of CD83-positive mature DCs, induction of nuclear-localized
RelB, and inhibition of IL-10R upregulation through the
soluble CD40L signaling,*® indicating that CD40 ligation can
antagonize IL-10-mediated inhibition on DC function. Later,
Gurung et al reported that injection of the CD40L-negative
naive apoptotic T cells, but not the activated apoptotic
CD4" T cells expressing CD40L induced immune tolerance,
and also demonstrated that co-injection of an agonistic
anti-CD40 Ab with naive apoptotic T cells induced robust
immunity.** Higham et al reported that local delivery of
tumor-reactive CD8* T cells engineered to express CD40L
converted tolerogenic DCs in the prostate-draining lymph
nodes.*” These findings indicate that T-cell CD40L signal can
convert DC tolerance. Our lab previously demonstrated that
tolerogenic CD478~ splenic DCs were capable of stimulating
suppressive type 1 CD4* regulatory T cell responses through
transforming growth factor beta secretion.*! Recently, we
have found that anti-CD40 antibody-treated CD4°8~ DCs
expressed a higher amount of I-A®, CD54, CD40, CD80, and
CD86, and were capable of stimulating CD4* Th1 and CD8*

CTL responses leading to induction of antitumor immunity,
indicating that CD40 ligation efficiently converts tolerogenic
CD4°8 DCs into immunogenic ones.*? These data highlight
the importance of CD40 signaling in addressing the issue
of tolerogenic DCs.

Conversion of CD8" CTL exhaustion by
CDA40 signaling

T-cell exhaustion is one of the major issues leading to inef-
fective virus control in human immunodeficiency patients.*
CD8" CTL exhaustion mediated by a programmed cell death
ligand-1 (PD-L1) pathway occurs in several chronic infec-
tions resulting in ineffective virus elimination.* Programmed
cell death protein-1 (PD-1) blockade has been found to
restore the function of exhausted CD8* T cells during chronic
infection.* The importance of CD40L-induced signaling in
the context of PD-1 blockade for rescuing CTL exhaustion
was previously proposed by Bhadra et al in a Toxoplasma
model.* Authors reported that blockade of CD40-CD40L
pathway abrogated the ameliorative effects of anti-PD-L1
treatment on exhausted CD8" T cells and identified CD40
as one of the molecules among a panel of costimulatory
molecules, which was highly upregulated on CD8" T cells
in chronically infected mice.* Isogawa et al also found that
CD40-mediated activation of myeloid DCs could rescue CTL
exhaustion of PD-1-inhibited CD8"* T cells.*® We previously
generated novel OVA-specific EXO-targeted T-cell-based
vaccine (OVA-Texo) expressing CD40L, and demonstrated
that OVA-Texo vaccine stimulated potent CTL responses
and T-cell memory.*” We earlier developed a mouse chronic
infection model by infection of mice with OVA-expressing
adenovirus, in which OVA-specific CTLs expressed PD-1 and
lymphocyte-activation gene-3 (LAG-3) that were functionally
exhausted.*® We further demonstrated that OVA-Texo vaccine
could convert CTL exhaustion through CD40L signaling
through activation of the PI3K/Akt/mTORC1 pathway.*
We have recently shown in our chronic infection model that
agonist CD40 antibody-mediated CD40L signaling also
synergizes with the PD-1 blockade in rescuing exhausted
CTLs.* These studies clearly indicate that CD40 signal-
ing is very important for conversion of CTL exhaustion in
chronic infection.

Perspective

It is widely accepted that costimulatory molecules play a
crucial role in immunity and autoimmunity. Among the
several costimulatory molecules, CD40, a potent stimulator
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Figure 2 Combination therapy for rescuing CTL exhaustion.

Stimulation

Notes: Conversion of CTL exhaustion by a combinational treatment with antagonists for different inhibitory molecules such as PD-1, LAG-3, and Tim-3 to block and CD40

agonist for stimulation.

Abbreviations: CTL, cytotoxic T lymphocyte; LAG-3, lymphocyte-activation gene-3; PD-1, programmed cell death protein-I; Tim-3, T cell Ig-3.

of the immune system, has been extensively studied for its
contribution to orchestration of protective immunity. When
CDA40 binds with CD40L, it recruits TRAF1 to TRAF®6 to its
cytoplasmic domains, and TRAF6 appears to be predominant
in driving CD40-mediated signaling.”! An essential role for
CD40-CDA40L signaling on CD8* T cells in memory CTL
development is well established. Recent advances in immu-
nology suggest that metabolic pathways play critical roles in
controlling T-cell immunity.*® It was previously demonstrated
that effector T cells require glycolysis to proliferate, whereas
memory T cells depend on fatty acid metabolism for the
long-term survival. Given that TRAF6 deficiency in CD8*
T cells renders them defective in fatty acid metabolism®!
and that TRAF6 is a critical molecule in CD40-induced
downstream signaling pathways,?' it will be interesting to
investigate the role for CD40 signaling in switching effector
T-cell metabolism from glycolysis to fatty acid oxidation for
developing memory T cells. In chronic infection, exhausted
CTLs expressed not only PD-1,* but also other inhibitory
receptors such as LAG-3, T-cell Ig-3 (Tim-3), and TIGIT.>
An enhanced effect on conversion of CTL exhaustion by a
combinational treatment with antagonists (blockades for
blocking inhibition) for different inhibitory molecules such
as PD-1, LAG-3, and Tim-3 has been shown.** Our studies®
and those of others*+*¢ also demonstrated that CD40 signal-
ing (costimulatory molecule for stimulation) is crucial for
converting CTL exhaustion and can synergize with anti-PD1
treatment in rescuing exhausted CTLs in chronic infection. It
will, thus, be interesting to exploit a potentially synergistic
effect of CD40 agonist with the antagonistic treatment against
other inhibitory molecules such as LAG-3, Tim-3, and TIGIT
as a combination therapy in converting CTL exhaustion in
chronic infection (Figure 2).
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