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Abstract

CD40 is a cell-surface member of the TNF (tumor necrosis factor) receptor
superfamily. Upon activation, CD40 can license dendritic cells to promote
antitumor T cell activation and re-educate macrophages to destroy tumor
stroma. Numerous agonist CD40 antibodies of varying formulations have
been evaluated in the clinic and found to be tolerable and feasible. Admin-
istration is associated with mild to moderate (but transient) cytokine release
syndrome, readilymanaged in the outpatient setting.Antitumor activity with
or without anti-CTLA4 monoclonal antibody (mAb) therapy has been ob-
served in patients with melanoma, and major tumor regressions have been
observed in patients with pancreatic cancer, mesothelioma, and other tu-
mors in combination with chemotherapy. In a recent study of chemotherapy
plus CD40 mAb, with or without PD-1 mAb, the objective response rate in
patients with untreated, metastatic pancreatic cancer was >50%.Mechanis-
tically, the combination of chemotherapy followed by CD40 mAb functions
as an in situ vaccine; in addition, destruction of stroma by CD40-activated
macrophages may enhance chemotherapy delivery. Evidence to date sug-
gests that CD40 activation is a critical and nonredundant mechanism to con-
vert so-called cold tumors to hot ones (with prominent tumor infiltration of
T cells), sensitizing them to checkpoint inhibition.
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INTRODUCTION

CD40 is expressed broadly in hematopoietic and nonhematopoietic tissues and regulates immu-
nity (1) thus providing a tractable target pathway for cancer immunotherapy. Attention has largely
focused on the prospect of using CD40 agonists to therapeutically activate dendritic cells (DCs)
and other myeloid cells that highly express CD40 (2–5). More than 20 years ago, it was shown
that activation of CD40 can license DCs and substitute for T cell help needed to drive CD8 T
cell responses in animal models of immunity (6–8). Additional preclinical investigations showed
the role of CD40 activation in driving antitumor immunity, whereby CD40-activated DCs are
poised to prime or activate tumor-specific T cells (9–11). It has been more recently appreciated
that CD40 activation accomplishes immune activation independently of innate immune receptors
such as stimulator of interferon genes (STING) or Toll-like receptors (TLRs) (12, 13). These ob-
servations have sparked efforts to develop CD40 agonists as novel immune therapy for patients
with cancer, most notably agonistic anti-CD40 monoclonal antibodies (mAbs), but also trimeric
CD40 ligand (CD40L) or ectopic expression of CD40L using gene therapy of transferred tu-
mor or other cells (2, 4). In each case, the goal has been to activate DCs or myeloid cells via
CD40, rather than blocking CD40’s interaction with its ligand. This agonist approach poses ma-
jor challenges around dose and schedule that complicate drug development. By contrast, check-
point antibodies—such as those against cytotoxic T lymphocyte–associated antigen-4 (CTLA-4),
programmed death–1 (PD-1), or PD-1’s ligand (PD-L1)—block receptor/ligand interactions. By
functioning as inhibitors of inhibitors, checkpoint antibodies permit a more straightforward drug
development strategy, at least from a pharmacological standpoint. In general, because of the dosing
issues, there are far fewer therapeutic agonists than therapeutic inhibitors in medicine, especially
oncology. Nevertheless, in the last few years, CD40 mAbs have begun to show efficacy, particu-
larly in combination with other therapies, and are now seen as a potentially important and as yet
untapped mechanism to extend the effective range of current cancer immunotherapy to include
tumors in which baseline T cell activation is insufficient. This review describes the preclinical
rationale and current status of drug development for CD40 mAbs.

PRECLINICAL MECHANISMS

Activation of cells via CD40 occurs upon receptor crosslinking by CD40L (CD154), which is pri-
marily expressed by activated CD4+ T cells, but also by platelets.The biochemical consequence of
CD40 crosslinking—which has been described in detail elsewhere (2, 14–16)—is complex and de-
pendent on second signals (such as simultaneous cytokine signaling via separate receptors). CD40
is not a kinase or phosphatase, and instead signals via a series of adaptor molecules that carry
activation mediators from the cell surface to the cytoplasm to the nucleus.

On DCs, CD40 activation results in two main cellular phenotypes. First, CD40 activation
leads to upregulation ofmajor histocompatibility complex (MHC)molecules, increased expression
of immunoglobulin (Ig) superfamily costimulatory molecules such as CD86, and upregulation
of other tumor necrosis factor (TNF) superfamily ligands such as CD137 ligand, GITR ligand,
and OX40 ligand. CD40 is therefore described as proximal in the cascade of adaptive immune
activation, receiving a signal from CD40L on CD4+ cells, then upregulating on DCs a portfolio
of secondary stimulatory molecules that accomplish enhanced antigen presentation and activation
of CD8+ T cells. A similar change in cell surface phenotype, especially with regard to MHC,
CD80, and CD86, occurs in B cells. It is notable that CD40/CD40L is unique in its physical
orientation on the DC:T cell synapse, with the TNF receptor (i.e., CD40) being expressed on
the DC whereas, for most other TNF receptor/ligand pairs, the ligand is expressed on the DC,
reflecting the proximal role of CD40 in the process.
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Second, CD40-activated DCs elaborate an increased level of critical T cell stimulatory cy-
tokines, including interleukin (IL)-12 p70, which is important for CD8+ T cell activation and
skewing of the adaptive immune response toward a Th1 polarization. Ectopic delivery of recom-
binant IL-12 has been challenging in the clinic, with mixed clinical results, so the prospect of
CD40 activation to increase IL-12 in the DC:T cell microenvironment is value added. For CD40
agonists being tested in the clinic, the demonstration of IL-12 production has been considered an
important biomarker of on-target efficacy.

In mice, there is overwhelming evidence that CD40 activation enables a vaccination effect
and the concomitant expansion of antigen-specific CD8+ T cells, dependent on cross-presenting
(CD40-expressing)DCs (4).A critical point relates to the timing ofDCs being loaded with antigen
relative toCD40 activation. In general, inactivated (or immature)DCs are better able to be antigen
loaded, whereas CD40-activated DCs poorly take up new antigen; thus, most studies suggest that
vaccination before CD40 activation, or at least simultaneously, is optimal and that preactivation
with CD40mAbs prior to antigen delivery can even obliterate T cell activation.Moreover, antigen
delivery in the setting of CD40 activation does not need to be restricted to conventional peptide
or protein vaccines (17). In tumor models, antigen release can be accomplished by chemotherapy
(18), radiation therapy (RT) (13),TRAIL (TNF-related apoptosis-inducing ligand) (19), and likely
many other approaches.

In some tumor models, delivery of an agonist CD40 mAb alone can achieve T cell acti-
vation and T cell–dependent tumor regression (20–22). (There is also a T cell–independent,
macrophage-dependent antitumor effect to consider; see below.) These CD40-sensitive tumor
models often include a prominent tumor antigen. In murine models lacking such strong antigens,
single-agent CD40 mAb generally fails to trigger T cell–dependent tumor regressions (23, 24).
This is an important reminder when considering that among cancer patients, only those with ad-
vanced melanoma have been shown to have an objective response rate (ORR) of more than 20%
to single-agent CD40 mAb therapy (25) (see below).

Our group has used the KPC model of murine pancreatic adenocarcinoma to understand the
CD40 pathway and the prospect of CD40 immunotherapy. In this model, baseline T cell activa-
tion and infiltration into the tumor are especially low, and there is no model antigen or prominent
display of neoepitopes (26, 27). The impression from these and other studies is that to date, the
addition of CD40 enhances every T cell strategy yet tested in the KPC model, with CD40 activa-
tion standing out as the critical, independent maneuver to achieve tumor regression and cures. In
particular, the addition of CD40 to anti-PD-1 or anti-PD-L1 in many tumor models can achieve
tumor regression and cures not obtainable with PD-1 or PD-L1 blockade alone (24, 28).We have
observed similar effects from adding anti-CTLA-4 to CD40 mAbs. On one hand, CD40 can be
seen as sensitizing tumors to checkpoint therapy by generating or amplifying baseline T cell re-
sponses; on the other hand, PD-1/PD-L1 and CTLA-4mAbs are likely critical adjuncts for CD40
therapy, insofar as new T cells generated with antigen plus CD40 would otherwise be susceptible
to checkpoint receptor-mediated exhaustion.These nonredundant immunological roles of CD40,
PD-1/PD-L1, and CTLA-4 suggest a potent synergy upon combination therapy.

Preclinical Combinations with Chemotherapy and Radiation

For murine tumors without expression of a strong tumor-rejection antigen, the addition of
chemotherapy prior to administering agonist CD40 mAb has been shown to be a potent vaccine-
like approach (12, 18, 29). As noted above, the sequence and timing of drug delivery have a
major impact; for example, giving chemotherapy too soon after the CD40 mAb results in loss
of T cell activation (18) and, for some chemotherapies, lethal hepatotoxicity (30). The type of
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chemotherapy is also critical; for example, a CD40 mAb in combination with nab-paclitaxel (with
or without gemcitabine) generates potent antitumor T cells in the KPC model but not robustly
when combined with gemcitabine in the absence of nab-paclitaxel (12, 23, 31). Although we
originally hypothesized this effect of nab-paclitaxel may relate to paclitaxel as a TLR ligand, it
was eventually concluded that nab-paclitaxel in the KPC model simply kills more tumor cells
(and therefore releases more antigen) than other chemotherapies (12).

Mechanistically, tumor regressions with combination chemotherapy and CD40 are not ob-
served in mice lacking or depleted of T cells, nor in BATF3 knockout (lacking cross-presenting
DCs) or CD40 knockout mice. B cells and macrophages are not required (12). Moreover—as ex-
pected, given the mechanism of T cell activation—the addition of PD-1 mAb, CTLA-4 mAb,
or both to combination chemotherapy and CD40 further enhances the tumor regressions and
improves survival (32). Indeed, the most effective CD40-based combination in the KPC model
involves gemcitabine, nab-paclitaxel, CD40 mAb, PD-1/PD-L1 mAb, and CTLA-4 mAb (32).
Although daunting in clinical complexity, such combinations have entered clinical trials for pa-
tients with metastatic pancreatic cancer and have shown early promise (see below) (33).

Likewise, CD40 activation can harmonize with RT, but seems to do so optimally when RT is
given on a hypofractionated schedule with single doses of at least 5–6 Gy (13). Some operating
features of CD40/RT are similar to CD40/chemo: (a) the effect is entirely dependent on T cells
and BATF3 DCs, (b) the effect is independent of innate immune receptors such as STING or
TLR, and (c) the addition of PD-1/PD-L1 and/or CTLA-4 mAb further enhances the effects of
CD40/RT, but (d) the phenotype is lost if CD40 activation precedes the delivery of RT (13). It
should be noted that the most commonly used clinical RT schema—including those typically used
for the treatment of local tumors with curative intent—do not employ hypofractionation or large
single doses. Preclinical studies suggest that the addition of checkpoint and/or CD40 therapies to
these conventional RT approaches will be immunologically suboptimal.

Macrophage Activation

CD40-dependent antitumor effects that are independent of T cells have been well described (34).
CD40 activation in mice has also been shown to activate host macrophages (which express high
levels of CD40) (23, 35), leading in the KPC model to a concomitant involution of desmoplastic
tumor stroma and transient tumor regressions. This effect is entirely independent of T cells; it
is instead linked to interferon γ (IFNγ) and CCL2 released systemically in response to CD40
agonist, redirecting a CCR2+ monocyte and macrophage population to infiltrate tumors, upreg-
ulate matrix metalloproteinases, and degrade fibrosis until the CD40 signal abates (36). Although
this effect is transient and alone can result in tumor regressions, there is a further therapeutic
opportunity to enhance delivery of chemotherapy during this time of stroma degradation and
achieve even greater tumor regressions. One proposed schedule, as validated in KPC mice, is to
administer a CD40 mAb followed five days later by gemcitabine (36). Waiting five days or more
between CD40 and gemcitabine avoids hepatotoxicity.

Seen another way, these detailed studies of CD40-dependent macrophage activation in the
KPCmodel point to the fact that re-educating tumor-associated macrophages, rather than deplet-
ing them, is possible and therapeutically tractable. Across multiple tumor models, but especially
in mutant Kras-driven tumors such as the KPC model, macrophages and other myeloid cells are
chief mediators of T cell suppression (27, 37). Tumor-intrinsic factors, especially tumor-derived
chemokines, drive the establishment of a myeloid-dominant tumor microenvironment in KPC
mice and actively exclude T cells (38–41). Dense macrophage infiltration is observed as early as
(noninvasive) neoplastic lesions in these mice (42), and macrophages accompany lone tumor cells
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attempting metastasis to the liver and other sites (43). Interrupting these tumor factors quickly
leads to loss of macrophages in the tumor microenvironment and sensitivity to CD40 and check-
point therapy, with or without chemotherapy (41). The simultaneous ability of CD40 mAbs to
license DCs and re-educate macrophages (e.g., fromM2 state toM1 state) represents the prospect
of a dual CD40 mAb mechanism of action that may be especially critical for immunotherapy of
Kras oncogene-driven tumors.

CLINICAL APPROACHES AND SINGLE-AGENT ACTIVITY

Multiple approaches have been formulated to activate CD40 in patients with cancer. The first
CD40 therapeutic agonists,more than 20 years ago, were based on multimeric versions of CD40L
itself, given subcutaneously (44). In the first-in-human study of 32 patients treated with recom-
binant human trimeric CD40L, two objective clinical responses were observed, including one
durable complete response in a patient with squamous cell carcinoma of the head and neck. The
maximum tolerated dose (MTD) of this agent was defined by transient grade 3–4 liver function
test abnormalities (44), which would turn out to be a class effect of CD40 agonists.

Subsequent approaches have largely been based on agonist CD40 mAbs, delivered either in-
travenously or, more recently, subcutaneously and intratumorally (4). Table 1 outlines the dis-
tinguishing characteristics of six such antibodies. The largest clinical trial experiences reported
have been with selicrelumab, formerly known as CP-870,893 and RO7009789, which is a fully
human IgG2 mAb (25, 45–50). CDX-1140 is also a fully human IgG2 (51), but four other CD40
mAbs brought forward to clinical trials are chimeric, humanized, or fully human IgG1 antibodies.
One of these, APX005M, was uniquely derived from rabbits (52). In two cases (APX005M and
SEA-CD40), Fc engineering was undertaken to enhance the potential for Fc receptor crosslink-
ing. CD40 mAbs vary with regard to activation potency, ranging from very high (APX005M) to
weak (SEA-CD40). Some CD40 mAbs block the CD40L binding site (APX005M), and others
(selicrelumab and CDX-1140) do not (51).

Importantly, CD40 mAbs vary in their requirements and capacities for FcR crosslinking; for
example, selicrelumab andCDX-1140 do not require crosslinking and ADC-1013 does (51). Fab'2

Table 1 Six agonist CD40 monoclonal antibodies in clinical testing

Selicrelumab APX005M ChiLob7/4 ADC-1013 SEA-CD40 CDX-1140
Developer Roche Apexigen University of

Southampton
Janssen/Alligator Seattle

Genetics
Celldex

Antibody class fully human
IgG2

humanized
rabbit IgG1

chimeric IgG1 fully human
IgG1

humanized
IgG1

fully human
IgG2

Potency high very high NR NR weak NR
Engineered Fc no yes no no yes no
Requires
crosslinking

no yes NR yes NR no

Binds CD40L
binding site

no yes NR NR NR NR

FIH reported yes yes yes yes yes yes
Combinations
in trials

PD-L1,
CTLA-4,
CSF1R,
chemotherapy

PD-1,
chemotherapy

NR NR NR Flt3L

Abbreviations: FIH, first-in-human study; NR, not reported.
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fragments of selicrelumab are as active in vitro as the IgG2 (53).Boosting signaling by intentionally
crosslinking in vitro or in vivo is possible (54–56). Given some investigators’ concerns that sys-
temic delivery of CD40 mAbs may never reach an optimal therapeutic level because of toxicity, Fc
engineering has been tested to improve the therapeutic index (56, 57). However, it was discovered
that FcR-independent activity of human IgG2CD40mAbs can be provided by a conformationally
distinct arrangement of disulfide bonds in the hinge region (58).Nevertheless, the vast majority of
preclinical studies have utilized anti–mouse CD40 mAbs that require FcR crosslinking in vivo and
compete with the CD40L binding site, which contrasts with features of selicrelumab and CDX-
1140. APX005M is an Fc-mutated, humanized IgG1 that requires crosslinking for activity and
competes with the CD40L binding site (52) such that APX005M closely mirrors the molecular
and pharmacodynamics features of classic anti–mouse agonist CD40 mAbs such as FGK4.5, upon
which most preclinical studies are based. There is no consensus on which formulation of CD40
mAb is best.

Antitumor Clinical Responses

Overall, single-agent CD40 mAbs have yielded minimal rates of objective tumor response. One
exception is selicrelumab, which, in the first-in-human, single-dose study, produced objective par-
tial responses in 4 of 15 (27%) patients with advanced melanoma, although none of 14 patients
with nonmelanoma solid tumors responded (25). One of these patients with refractory metastatic
melanoma subsequently received repeated doses of selicrelumab every 1 or 2months for 1 year and
remains in complete remission 15 years later, without receiving additional therapy (59). The adap-
tive immune response in this patient has been extensively documented (59). Interestingly, when
intravenous selicrelumab was given weekly in a second trial using essentially the same eligibil-
ity criteria for patients, the ORR was zero, including among 11 patients with advanced melanoma
(45). Biomarker analysis of the weekly study provided evidence for chronic B cell activation and, in
some patients, T cell depletion (45), suggesting that longer dosing intervals may be most desirable
for optimal immune pharmacodynamics. More is not necessarily better for immune agonists.

In the first-in-human study of APX005M, infusional side effects were dose dependent andman-
ageable, and immune pharmacodynamic studies revealed strong activation of antigen-presenting
cells, increased systemic levels of IL-12, and increased T cell activation after treatment (52).There
were no clinical responses. Single-agent, first-in-human experiences have also been reported for
ChiLob7/4 (60), SEA-CD40 (61), and CDX-1140 (62), each resulting in minimal antitumor clin-
ical activity, despite alternative routes of administration in some cases. However, stable disease, as
best response, is observed consistently at a rate up to 24–50% (e.g., for selicrelumab, APX005M,
SEA-CD40 and ChiLob7/4) in highly refractory solid tumor patient populations.

There has been a more limited experience in treating patients with B cell malignancies with
CD40 mAbs (62, 63). Although CD40 is reliably upregulated on such tumor cells, activation of
CD40 in this case may be growth promoting (64). However, CD40 activation of B cell malig-
nancies has been shown to enhance antigen presentation by the tumor cells (63, 64) and confer
potential sensitivity to direct cytotoxicity or antibody-dependent cellular cytotoxicity with CD40
mAbs of the appropriate Fc effector capability (4, 51).Nevertheless, objective responses in patients
with hematological malignancies treated with CD40 mAbs have been only rarely reported.

Toxicities with Agonist CD40 Antibodies

These multiple phase I studies of CD40 agonists revealed a common set of adverse events and
laboratory abnormalities that are dose dependent and transient. Chief among these are mild to
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moderate cytokine release syndrome (CRS), manifesting typically in the minutes to hours after
infusion with fever, rigors, chills, and other symptoms such as headache or back pain. The likely
mediator is IL-6 (25). These symptoms resolve with supportive care within the first hours or days
and rarely if ever require hospital admission (25, 52). Hemodynamic instability in the setting of
this CRS is highly uncommon. Nonsteroidal anti-inflammatory drugs, antihistamines, and ac-
etaminophen are used to minimize the development and severity of CD40 mAb-mediated CRS.
Corticosteroid premedication can prevent CRS [e.g., as tested with ChiLob7/4 (60)], but there is
concern that corticosteroids may dampen immune activation. Many trials have excluded the use
of corticosteroids outside of a medical emergency. CD40 mAb-related CRS is logarithmically less
clinically severe than that often observed with chimeric antigen receptor modified T cell (CART-
19) therapy, even though mouse models of CART-mediated CRS have revealed a critical role of
CD40/CD40L activation and IL-6 in that setting (65).

Agonistic CD40 mAb infusion is associated with mild to moderate, transient liver function
test abnormalities, typically grade 1–3. To my knowledge, and based on our institution’s extensive
experience with selicrelumab and APX005M, these elevations quickly resolve and have never been
clinically meaningful or required medical intervention (4, 52). Although there is a learning curve
associated with the clinical use of CD40 mAbs, infusion unit teams able to manage rituximab-
related infusional reactions can easily manage CD40 mAbs. The molecular basis of liver function
test abnormalities has not been elucidated, although Kupffer cells in the liver express CD40. In
mice, high intravenous doses of agonist CD40 mAbs can produce hepatic necrosis (66), which is
lessened when similar doses are given intratumorally (57, 67). In the clinic, hypothetical concerns
that the therapeutic index of CD40 mAbs may be too narrow to permit drug development have
fortunately not been realized.

CD40 mAb infusion is also associated with a transient decrease in the platelet count (25). The
decrease in platelet count is nearly universally observed at sufficient doses, regardless of the base-
line platelet count, but is registered as thrombocytopenia only if the starting count is relatively
low. We have found it useful to chart changes in platelets and other blood parameters relative to
baseline, rather than only relying on the absolute grade thresholds in the National Cancer Insti-
tute’s common toxicology criteria. Changes relative to baseline are considered to reflect CD40
mAb pharmacodynamics rather than adverse effects.

Autoimmune events similar to those commonly observed with CTLA-4, PD-1, or PD-L1
mAbs (such as colitis, hypophysitis, pneumonitis, or uveitis) have either not occurred or occurred
rarely with CD40 mAbs (4). One patient treated with CDX-1140 developed treatment-related
grade 3 pneumonitis (62). Several patients treated with selicrelumab (47, 49) have developed ar-
terial or venous thromboses, but it was difficult to differentiate these events from embolic events
commonly seen in similar patients with advanced solid tumors. Still, many trials of CD40 agents
have excluded patients with a history of thromboembolic events.

Chemotherapy and Other Clinical Combinations with CD40 Antibodies

To test the hypothesis that pretreatment with chemotherapy enhances the immune activa-
tion achievable with CD40 mAbs, selicrelumab at the single-agent MTD has been extensively
tested in combination with chemotherapy. These published studies include selicrelumab with
carboplatin/paclitaxel in patients with advanced solid tumors (ORR 20%) (47), with cisplatin/
pemetrexed in patients with malignant pleural mesothelioma (ORR 40%) (49), and with gem-
citabine in patients with newly diagnosed metastatic pancreatic cancer (ORR 24%) (48). In each
case, combination therapy was feasible and tolerable with no new or unexpected side effects be-
yond those already observed with chemotherapy or selicrelumab alone.
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Results from a phase Ib trial of patients with newly diagnosed metastatic pancreatic cancer,
treated with chemotherapy and APX005M—with or without nivolumab—are promising (33).
Based on preclinical studies in KPC mice, this trial was designed so each patient received gem-
citabine and nab-paclitaxel weekly (days 1, 8, and 15 of each cycle per standard of care) and in-
travenous APX005M (at either 0.1 mg/kg or 0.3 mg/kg on day 3); half the patients additionally
received the PD-1 mAb nivolumab on days 1 and 15 of each cycle. In the dose-limiting toxicity-
evaluable population (n = 24 patients), the ORR was 54%. As a comparison, in a similar first-
line metastatic patient population, the ORR of gemcitabine and nab-paclitaxel, with or without
nivolumab, ranges from 18% to 23%. A randomized phase II study of gemcitabine/nab-paclitaxel
with or without APX005M (0.3 mg/kg), and with or without nivolumab, in first-line metastatic
pancreatic cancer is under way, sponsored by the Parker Institute for Cancer Immunotherapy
(Overall PI, Vonderheide).

CD40 mAbs have also been combined with other immunotherapies. For 22 patients with
checkpoint therapy–naïve metastatic melanoma, treatment with selicrelumab and the CTLA-
4 mAb tremelimumab produced an ORR of 27% (50). Two patients (9%) had complete re-
sponses and nine patients are long-term survivors (>3 years). Immunologically, selicrelumab/
tremelimumab was associated with T cell activation and increased tumor T cell infiltration (50),
which was achieved without PD-1 or PD-L1 mAbs.

Other combinations being tested in the clinic include CD40 mAbs in combination with mAbs
against PD-1, PD-L1, Flt3 ligand, colony-stimulating factor 1 receptor (CSF1R), or vascular en-
dothelial growth factor (VEGF).

Treatment-Related Biomarkers and Immune Activation

Flow cytometric monitoring of peripheral blood cells before and after CD40 mAb infusion has
shown, with several CD40 mAb agents, transient depletion of circulating B cells, in some cases
more than 80% (25, 60, 68). Comparing the residual B cells to those at baseline, investigators note
increased expression of CD80, CD86, CD54, andMHC classes I and II, consistent with enhanced
antigen presentation capability. Similar findings on activation of circulating DCs before and after
CD40 mAbs have also been reported (69).

Evidence supporting treatment-induced T cell activation has also been reported. The most
extensive evidence in this regard was for the patient with refractory metastatic melanoma who
remains cancer free more than 15 years after receiving about a year of selicrelumab (50). Post-
treatment increases in Th1 cytokines such as macrophage inflammatory protein (MIP)-1β and
TNFα have also been observed (60, 68), and cyclical upregulation of the Ki-67 proliferation
marker as well as inducible T cell costimulator on circulating CD8 cells has been observed in
response to each CD40 mAb infusion (69). Importantly, in the case of APX005M and ChiLob7/4,
a statistically significant burst of IL-12 p70 was observed in the circulation on the first day after
infusion, most consistent with DC activation (52, 60).

Across many different CD40mAbs, significant immunemodulation has been observed at doses
well short of the MTD. Thus, it seems unlikely that the MTD of agonistic CD40 mAb is the
maximum biological dose.

SUMMARY AND FUTURE DIRECTIONS

Agonist CD40 mAbs have a clear scientific rationale, and multiple compounds have demonstrated
clinical safety and feasibility. It remains unlikely that CD40 mAbs will exhibit substantial single-
agent antitumor activity in patients, outside of perhapsmelanoma or other highlymutated cancers.
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Given that CD40 mAbs clearly hit their target in patients, low single-agent activity should not,
in my view, hinder further development of CD40 mAb therapy in combination with chemother-
apy, RT, or immune therapy. Such combinations when used in murine tumor models have shown
great promise if the therapeutic agents are dosed and sequenced properly. Moreover, toxicities
such as mild to moderate CRS may have unfortunately dissuaded some parties from advancing
clinical development of CD40 mAbs, even though biological effects and clinical responses have
been observed below the MTD, and CD40 mAb-mediated CRS is readily managed in the clinic.

DC dysfunction in cancer patients remains a rate-limiting biological lesion for many patients
with cancer—a deficit in the cancer immunity cycle that is not addressed by checkpoint ther-
apy. It is becoming increasingly difficult to expect that stacking more and more negative immune
checkpoint inhibitors together will alone accomplish tumor regression in so-called cold tumors.
Agonist and T cell priming maneuvers are likely needed. This is the niche where CD40 agonists
and second-generation Fc-engineered CD40 mAbs may show the greatest promise.
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