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ABSTRACT 

The CD40/CD40L pathway plays a major role in multiple inflammatory processes involving different 

immune and stromal cells. Abnormal activation of this pathway has been implicated in pathogenesis of 

complex autoimmune diseases including SLE, RA, Graves’ disease, and Sjogren’s Syndrome. We 

completed in vitro and in vivo preclinical characterization of KPL-404, a novel humanized anti-CD40 

IgG4 monoclonal antibody, in order to demonstrate its potency, efficacy, and pharmacokinetic profile; 

safety was also assessed. In vitro, KPL-404 bound recombinant human and cynomolgus monkey CD40 

with comparable affinity in the nanomolar range. KPL-404 binding to cell surface CD40 did not induce 

antibody- or complement-mediated cytotoxicity of CD40-expressing cells. Pharmacological antagonistic 

activity of KPL-404 was demonstrated in vitro by inhibition of CD40-mediated downstream NF-kB 

activation. In the in vivo study with cynomolgus monkeys, KPL-404, administered intravenously as a 

single dose (10 mg/kg) or two monthly doses of 1 or 5 mg/kg, did not elicit observable safety findings, 

including thrombocytopenia over 8 weeks. KPL-404 engaged CD40 expressed on peripheral B cells for 2 

and 4 weeks after a single administration of 5 or 10 mg/kg IV, respectively, without depletion of 

peripheral B cells. At 5 mg/kg IV, KPL-404 blocked both primary and secondary responses to T-cell 

dependent antibody responses to test antigens, KLH and TT. These data illustrated the relationship 

between KPL-404 serum concentration and in pharmacodynamic effects of CD40-targeting circulation 

and in lymphoid tissues. These data support clinical development of KPL-404 in autoimmune diseases. 
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SIGNIFICANCE STATEMENT 

We aimed to develop a potent and efficacious CD40 antagonist. In vitro and in vivo findings characterize 

KPL-404 as a blocking anti-CD40 antibody that potently inhibits primary and secondary antibody 

responses at pharmacologically relevant concentrations with a favorable pharmacokinetic profile and did 

not deplete B-cells by antibody dependent cellular cytotoxicity or apoptosis (“non-depleting”).  These 

findings support clinical development of KPL-404 as a potential therapeutic in autoimmune diseases. 

KEYWORDS 

CD40; CD40L; costimulation; immunosuppression; autoimmune disease; pharmacology 
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INTRODUCTION 

The CD40/CD40L pathway mediates multiple inflammatory processes by activating a number of 

immune and stromal cell populations (Karnell et al., 2019b). The ligation of CD40 with CD40L activates 

antigen-presenting cells to promote T cell activation and T cell-dependent humoral responses, including B 

cell differentiation and antibody production (Danese et al., 2004; Hernandez et al., 2007; Inwald et al., 

2003; Karnell et al., 2019b; Phipps, 2008). Engagement of the CD40/CD40L pathway additionally drives 

the activation of other cell subsets including macrophages, neutrophils, mast cells, stromal fibroblasts, 

and chondrocytes (Karnell et al., 2019b). Dysregulation of the CD40/CD40L pathway has been associated 

with a variety of autoimmune conditions where abnormal immune cell activation has been implicated in 

disease pathogenesis, including systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), Sjogren’s 

syndrome, and Graves’ disease (Karnell et al., 2019b). The broad effects of CD40-CD40L interaction on 

multiple immune and stromal cell types highlight the importance of this pathway in different aspects of an 

immune response (Elgueta et al., 2009). As a result, regulating this pathway in disease offers great 

promise in treating a variety of autoimmune diseases.  

CD40 is a member of the TNF-receptor superfamily and is known primarily as a costimulatory 

receptor that regulates the activation of immune cells as well as non-hematopoietic stromal cells, such as 

myofibroblasts, fibroblasts, epithelial, and endothelial cells (van Kooten and Banchereau, 1997, 2000). 

The physiological ligand for CD40—CD40L (also called CD154)—is a constitutively-expressed cell-

surface molecule on activated T cells, B cells, and platelets and is induced under inflammatory conditions 

on monocytes and natural killer (NK) cells (Aloui et al., 2014; Carbone et al., 1997; Gauchat et al., 1995; 

Gauchat et al., 1993; Grewal and Flavell, 1996). Although the short cytoplasmic tail of CD40 has no 

intrinsic enzymatic activity, members of TNFR-associated factors (TRAF) protein family couple CD40 to 

intracellular signaling components. Engagement of CD40 with CD40L leads to recruitment of TRAF 

proteins to the multimerized cytoplasmic domain of CD40, which activates the nuclear factor κB (NF-

κB), mitogen-activated protein kinases (MAPKs), and phosphoinositide 3-kinase (PI3K) downstream 
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pathways to regulate the functions of CD40-mediated responses in a cell-type- and microenvironment-

dependent manner (Bishop et al., 2007). 

Expression or activity of CD40 and/or CD40L has been shown to be dysregulated in SLE, RA, 

Psoriatic Arthritis, and Graves’ disease, and these changes have been correlated with poor clinical 

outcomes (Boumpas et al., 2003; Huber et al., 2012; Kanmaz et al., 2004; Karnell et al., 2019b; Voynova 

et al., 2018). Blockade of this pathway by anti-CD40 and anti-CD40L antibodies has demonstrated 

therapeutic benefit in SLE, ITP, Graves’ Disease, and RA in clinical trials (Boumpas et al., 2003; Kahaly 

et al., 2020; Kanmaz et al., 2004; Karnell et al., 2019a; Patel et al., 2008). Together, these results support 

a role for the CD40 pathway in autoimmune disease and suggest that aberrant CD40 signaling can 

contribute to the initiation or maintenance of pathogenic autoimmune responses (Karnell et al., 2019b). 

Initial attempts utilizing non-silenced IgG1 antibodies to target CD40L resulted in 

thromboembolic events (Boumpas et al., 2003; Law and Grewal, 2009) which were linked to Fc-mediated 

platelet activation and aggregation (Robles-Carrillo et al., 2010). Recent approaches for blockade of 

CD40-CD40L interactions to mitigate this safety concern have involved either optimized antibody 

scaffolds which cannot induce Fc-mediated signaling (if targeting CD40L) or otherwise targeting CD40 

itself (Kahaly et al., 2020; Karnell et al., 2019a; Schwabe et al., 2018). 

Previous studies with 2C10R4, a chimeric mouse-rhesus monoclonal anti-CD40 antibody, have 

shown significant prolonged islet allograft survival and xenograft tolerance in nonhuman primate models 

of transplantation (Lowe et al., 2012; Mohiuddin et al., 2016). KPL-404 is a humanized version of 

2C10R4 with an IgG4 constant region chosen to avoid effector function. KPL-404 was previously 

demonstrated to inhibit CD40/CD40L-mediated B cell activation in peripheral blood mononuclear cells 

(PBMCs) from healthy volunteers and patients with SLE or Sjogren’s syndrome (Marken et al., 2021). 

Here we report further in vitro and in vivo preclinical characterization of KPL-404 as a highly potent and 

efficacious CD40 antagonist with a favorable pharmacokinetic profile but without effector function (i.e., 

without activation or depletion of B cells nor platelet activation).  
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MATERIALS AND METHODS 

KPL-404 is a humanized antibody generated by grafting of CDRs from murine 2C10 antibody (Lowe et 

al., 2012) into human germline antibody sequences and expressed as a stabilized S228P-IgG4 antibody. 

Of note, 2C10R4 widely used in primate studies is a chimeric version of 2C10 comprised by the mouse 

variable domain of 2C10 and a rhesus IgG4 constant region. The in vitro and in vivo studies and results 

were collected and analyzed according to a prespecified plan (including replicate and animal numbers) to 

define the preclinical profile of KPL-404. 

Surface plasmon resonance analysis 

The binding kinetics of KPL-404 to both recombinant human (10774-H08H, Sino Biologicals, 

Pennsylvania, USA) and cynomolgus monkey (CD0-C52H6, ACROBio, Delaware, USA) CD40 

molecules were analyzed using the IBIS MX96 following direct immobilization of KPL-404 onto a 

Xantec SPMX CMD50 sensor chip. Immobilization was performed via amine coupling—at both 10 

μg/mL and 20 μg/mL loading densities—in 10 mM acetate, pH 4.5, using the CFM printer. Analytes 

(huCD40 and cyCD40) were run in a kinetics series of 500 nM, 250 nM, 125 nM and 62.5 nM. The data 

were analyzed using a 1:1 bimolecular interaction model to calculate association and dissociation rates. 

The KD [equilibrium dissociation constant = Koff (dissociation rate)/Kon (association rate)] was calculated 

using Carterra’s KIT analysis software.  

Cell-based assay 

Human Embryonic Kidney (HEK)-blue CD40L cells (hkb-cd40, Invivogen, California, USA) passaged in 

DMEM media were plated at 50,000 cells/well in HEK Blue Detection Media (hb-det3, Invivogen, 

California, USA). The cells were pretreated with isotype antibody control or KPL-404 at the indicated 

concentration and incubated at 37°C 5% CO2 for 30 minutes prior to addition of recombinant CD40L 

(BioLegend, California, USA) at 100 ng/ml. OD at 655 nm was measured after 24 hours for reporter 

activity. Data were analyzed using GraphPad Prism 4-PL log fit ± SEM. 
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Antibody Dependent Cellular Cytotoxicity (ADCC) and Complement Dependent Cytotoxicity 

(CDC) 

Human B lymphoblastoid Raji cells were stained with KPL-404 or isotype control antibody at indicated 

concentrations followed by staining with secondary Alexa Fluor® 488-conjugated anti-human IgG 

antibody at a dilution of 1:1000 (A11013, Invitrogen, California, USA). The mean fluorescence intensity 

(MFI) was measured by NovoCyte to evaluate CD40 expression on cells. 

For ADCC experiments, peripheral blood mononuclear cells (PBMCs) were isolated from healthy human 

donor blood to serve as effector cells and were plated with target Raji cells at E:T ratio of 50:1 in the 

presence of indicated concentrations of KPL-404, anti-CD20 (A2009, Selleck, Washington, USA), or 

isotype antibodies. Target Raji cells were labeled with calcein-AM (Invitrogen) for detection of cell lysis 

prior to experimental set up. Following incubation for 4 hours at 37°C 5% CO2, supernatants from the 

experiment were analyzed for fluorescence at 485 nm for detection of cell lysis. 

For CDC experiments, human Complement (A113, Quidel) was plated with calcein-AM labeled target 

Raji cells in the presence of indicated concentrations of KPL-404, anti-CD20, or isotype antibodies. 

Following incubation for 4 hours at 37°C 5% CO2, supernatants from the experiment were analyzed for 

fluorescence at 485 nm for detection of cell lysis. 

The percentage of cell lysis for each group was calculated as follows: % cell lysis = 100 x (fluorescence 

of antibody-treated groups ÷ fluorescence of cells lysed by 2% Triton X-100 (maximum lysis)). 

Method for Detecting Concentration of KPL-404 in Cynomolgus Monkey Serum  

An Enzyme-Linked Immunosorbent Assay (ELISA) method was developed, validated, and used to 

determine the concentration of KPL-404 in cynomolgus monkey samples. Briefly, Nunc Maxisorp plates 

(44-2404-21, ThermoFisher Scientific, Grand Island, NY) were coated with a capture protein solution 

containing human CD40 recombinant protein (10774-H08H, Sino Biologicals, Pennsylvania, USA). After 

overnight incubation, the plates were washed and blocked with a SuperBlock blocking solution (37515, 
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ThermoFisher Scientific, Grand Island, NY). Samples were diluted by minimum required dilution (MRD) 

of 25-fold with 1X PBS dilution buffer (10010023, ThermoFisher Scientific, Grand Island, NY). In some 

cases, samples that needed further dilution beyond MRD were diluted with 4% pooled blank serum 

(Altasciences Preclinical Seattle LLC, Seattle WA). Following the blocking incubation, the plates were 

washed, and the diluted samples were added to the plates. Following a 1-hour sample incubation step, the 

plates were washed, and an anti-human IgG (H+L) HRP solution (NB7489, Novusbio, Centennial, CO) 

was added. After incubation with the detection antibody for 1 hour, the plates were washed, and a TMB 

substrate (34029, ThermoFisher Scientific, Grand Island, NY) was added to the plates. After incubation 

for 10 minutes, a sulfuric acid stopping solution (8310-32, Ricca Chemical, Arlington, TX) was added, 

and the plates were read using a BioTek Synergy 2 spectrophotometric plate reader (Biotek, Winooski, 

VT) at an absorbance at 450 nm. A calibration curve was constructed by applying the absorbance at 450 

nm of calibration standard samples to a fit type: 4-parameter logistic curve with a 1/Y weighting factor 

using BioTek’s Gen5 Data Analysis Software (Biotek, Winooski, VT). The quantification range of the 

assay was 80 ng/mL to 640 ng/mL. The concentrations of KPL-404 in study samples were calculated 

using the calibration curve generated from the calibration standard samples on the same plate as the study 

samples. 

Method for Detection of Anti-KPL-404 Antibodies (ADA) in Cynomolgus Monkey Serum 

A validated Electrochemiluminescent Immunoassay (ECLIA) method with acid dissociation was used for 

detection of anti-KPL-404 antibodies in cynomolgus monkey serum. Briefly, samples were incubated 

with biotinylated KPL-404 (Altasciences Preclinical Seattle LLC, Seattle WA) overnight. On the second 

day, a separate streptavidin high binding capacity extraction plate (ThermoFisher Scientific, Grand Island, 

NY) was blocked, and a mixture of samples and biotinylated KPL-404 prepared on Day 1 was transferred 

to the extraction plate and incubated for one hour. Following incubation, acetic acid (VWR International, 

Radnor PA) was added to the plate, and samples were transferred to a polypropylene plate prefilled with 

Tris buffer (VWR International, Radnor PA) for the screening assay or KPL-404-spiked Tris buffer for 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 25, 2022 as DOI: 10.1124/jpet.121.000881

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


10 
 

confirmatory assay and incubated for at least 30 minutes (extracted samples). A Streptavidin Gold MSD 

assay plate (Meso Scale Diagnoastics, Rockville, Maryland) was blocked for 1 to 4 hours followed by 

addition of biotinylated KPL-404 to the plate and incubated 1 hour. Following this incubation, the assay 

plate was washed, and the extracted samples were transferred from the polypropylene plate to the MSD 

assay plate and incubated on a plate shaker for 1 hour. The plate was washed, and ruthenylated KPL-404 

(Altasciences Preclinical Seattle LLC, Seattle WA) was added, covered with aluminum foil, and 

incubated for 1 hour. After incubation, the MSD assay plate was washed, and MSD read buffer (Meso 

Scale Diagnostics, Rockville, Maryland) was added to the plate for reading on the MSD SECTOR Imager 

(Meso Scale Diagnostics, Rockville, Maryland). Mean luminescence intensity and %CV of the duplicate 

sample luminescence was calculated using MSD Discovery Workbench (Meso Scale Diagnostics, 

Rockville, Maryland), and the statistical cut-points established during validation were applied to 

determine samples with positive and negative responses.  

In vivo studies 

Pharmacokinetic/pharmacodynamic (PK/PD) studies performed at Altasciences (formerly SNBL; 

Washington, USA) utilized biologics-treatment-naive cynomolgus monkeys (Macaca fascicularis) 2.5-5 

years old (2.5 ± 3.5 kg, 6 males and 36 females). Animals were supplied by Orient BioResource Center 

and originated from Cambodia. Animals were maintained at the Testing Facility (Everett, WA facility) as 

stock prior to study assignment and were screened for health by veterinary staff prior to use on study. 

PMI's LabDiet® Fiber-Plus® Monkey Diet 5049 biscuits and fresh water were provided ad libitum. All 

animal studies complied with the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals (NIH Publications No. 8023, revised 1978), the ‘Animal Research: Reporting of In Vivo 

Experiments’ guidelines and applicable animal welfare acts. Altasciences Laboratories is fully accredited 

by the Association for Assessment and Accreditation of Laboratory Animal Care and studies were 

approved by the local Institutional Animal Care and Use Committee. Animal handling, care, drug 

treatments, and blood sampling were performed according to an authorized study protocol. 
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Cynomolgus monkeys (n = 7 animals/group) received one or two doses (separated by 4 weeks) of KPL-

404 (1, 5, or 10 mg/kg) intravenously over the study duration of 56 days. The effect of KPL-404 on 

antigen priming/re-challenge model was also tested by administration of T cell-dependent antigens 

Keyhole limpet hemocyanin (KLH) (Imject Mariculture KLH, ThermoFisher Scientific, Massachusetts, 

USA) and tetanus toxoid (TT) (Tenivac, Sanofi-Pasteur, Pennsylvania, USA) in these cynomolgus 

monkeys (Figure 1). Placebo or KPL-404 was administered intravenously at 1, 5, or 10 mg/kg on day 0 

followed by KLH (1 mg/animal) + TT (5 Lf/animal) priming intramuscularly at 3 hours post-KPL-

404/placebo dose on day 0. Placebo- or KPL-404- (1 and 5 mg/kg) dosed animals received a second dose 

and a second KLH (0.5 mg/animal) + TT antigen (5 Lf/animal) challenge on day 28. In separate cohorts, 

animals were primed with KLH on day 0 (without KPL-404 or placebo) and re-challenged with KLH on 

day 28 at 3 hours post placebo or KPL-404 5 mg/kg administration. Serum samples collected as 

scheduled were analyzed for KPL-404 serum pharmacokinetics (PK), KPL-404 anti-drug antibodies 

(ADA), and anti-KLH/TT IgM and IgG responses (ELISA). KPL-404 CD40 receptor occupancy (RO) in 

blood was assessed by flow cytometry. 

Blood samples collected for RO were split into two tubes for analysis by flow cytometry. Cells were 

stained with CD20 PerCP-Cy5.5 (BD Biosciences, New Jersey, USA) and either CD40 specific C40/1605 

AF647 or G28.5 AF647 (Novus Biologicals, Missouri, USA). Data were analyzed by gating on 

lymphocytes first then on CD20+ B cells to examine % cells positive for CD40. C40/1605 competes with 

KPL-404 for binding to CD40, and positive staining is observed only in the absence of KPL-404, 

indicating % cells with unoccupied (free) CD40. G28.5 binds CD40 in the absence or presence of CD40, 

indicating % all cells expressing CD40. KPL-404-occupied CD40 (RO) was calculated by percentage of 

%C40/1605 positive cells over %G28.5 positive cells. 

Monkey anti-KLH and anti-TT IgM and IgG serum concentrations were determined using commercial 

ELISA kits manufactured by Life Diagnostics, Pennsylvania, USA (KLHM-3 and KLHG-3-INT), Alpha 

Diagnostic International, Texas, USA (930-415-TKM and 930-410-TKG). Monkey serum samples were 
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thawed and diluted in sample diluent immediately prior to testing. A minimum dilution of 1:500 was used 

for testing in the anti-KLH IgM and the anti-KLH IgG ELISA. A minimum dilution of 1:1000 for the 

anti-TT IgM ELISA, and a minimum dilution of 1:200 was used for the anti-TT IgG ELISA.  Standard 

curves were generated in SoftMax®Pro by plotting the mean A450 values (y-axis) versus concentration 

(x-axis) and fitting the curve using the 4-parameter logistic (anti-KLH) and point-to-point (anti-TT) 

function. Concentrations of anti-KLH and anti-TT IgM and IgG in test samples were obtained by 

multiplying the mean interpolated value from duplicate wells by the sample dilution factor. 
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RESULTS 

KPL-404 binds CD40 and inhibits CD40 downstream signaling in vitro 

Binding kinetics of KPL-404 for human and cynomolgus monkey CD40 molecules, as 

determined by surface plasmon resonance (SPR) studies, were comparable for human and cynomolgus 

monkey CD40 (association rate constant [Kon] of 2.5 x 104 M-1 s-1 and a disassociation rate constant [Koff] 

of 1.8 x 10-4 s-1 for human CD40, and a Kon of 5 x 104 M-1 s-1 and a Koff of 1.48 x 10-4 s-1 for cynomolgus 

monkey CD40). KPL-404 bound both human and cynomolgus monkey CD40 with comparable affinity 

with KD of 7.2 nM and 2.9 nM, respectively (Figure 2A). Binding of KPL-404 to recombinant human 

CD40 was further confirmed in an ELISA format. KPL-404 bound to immobilized CD40 (CD40 with His 

tag or CD40 with Fc tag) was detected using anti-human IgG4, and a dose-response curve showed that the 

EC50 of KPL-404 binding to plate-bound recombinant human CD40 was 14 ng/mL (Figure 2B).  

KPL-404 inhibited signaling downstream of CD40 triggered by binding of CD40L in an 

engineered cell line, HEK-blue CD40L cells, which express human CD40 and an NF-κB-inducible 

reporter construct. Recombinant soluble CD40L binding to cell-surface CD40 activates downstream 

signaling and transcription factor NF-κB, which results in production of secreted embryonic alkaline 

phosphatase (SEAP). The IC50 for KPL-404 inhibition of CD40-CD40L-induced downstream reporter 

activity was 3.5 nM at 100 ng/mL CD40L stimulation, while an IgG4 isotype control had no inhibitory 

effect on CD40-CD40L-induced NF-κB activation (Figure 2C). Therefore, KPL-404 binds CD40 and 

inhibits CD40L-mediated downstream signaling. 

KPL-404 does not induce lysis of CD40-expressing Raji cells in vitro 

KPL-404 was engineered to be a CD40 antagonist antibody that does not deplete B-cells, given 

the broad expression of CD40 on multiple cell-types; this non-depleting attribute was confirmed in in 

vitro ADCC and CDC studies. The human B cell line, Raji, which expresses high levels of CD40, bound 

KPL-404 in a concentration-dependent manner as determined by flow cytometry (Figure 3A). KPL-404 
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was incubated with CD40-expressing Raji cells as the target cells and human PBMCs as effector cells in 

testing ADCC or human complement as effector molecules in testing CDC, and target cell lysis was 

evaluated. Anti-CD20 IgG1 antibody (rituximab), the positive control for the assay, induced strong 

ADCC and CDC effects on CD20+ Raji cells with the EC50 at 0.0365 nM and 1.5 nM, respectively 

(Figure 3B-3C). As expected, KPL-404 did not induce target-cell lysis via ADCC or CDC at any 

concentration tested.  

KPL-404 engages CD40 target and shows favorable pharmacokinetics in vivo 

Considering the comparable affinity of KPL-404 for human and monkey CD40 in vitro, the 

cynomolgus monkey was a suitable species to perform in vivo studies to evaluate KPL-404 PK-PD 

relationships and safety. The 8-week in vivo study design is outlined in Figure 1. KPL-404, given as a 

single 10 mg/kg intravenous dose or two 1 or 5 mg/kg doses (separated by 4 weeks), was well-tolerated.  

In order to determine peripheral drug exposure levels, KPL-404 concentrations in serum following IV 

administration were examined on a weekly basis for 8 weeks. The mean for maximum serum KPL-404 

concentration (Cmax) was 26 μg/ml, 138 μg/ml, and 273 μg/ml after first dose for 1, 5, and 10 mg/kg 

groups respectively. Exposure levels remained >1 μg/ml for 1, 4, and 6 weeks for 1, 5, and 10 mg/kg IV 

group, respectively, after a single dose (Figure 4A, Table 1). Comparisons of Cmax and AUC across dose 

groups following repeat dose administration were limited by the pronounced impact of ADAs in all 

animals in the lower dose group (1 mg/kg) and some animals in the middle dose group (5 mg/kg).  The 

nonlinear PK profiles and concentration dependent clearance rates indicate target-mediated drug 

disposition (TMDD)(Huber et al., 2012; Karnell et al., 2019b).  

KPL-404 binding to target CD40, i.e., receptor occupancy (RO), on B cells in whole blood was 

measured by flow cytometry using a pair of antibodies recognizing either total CD40 or unoccupied 

CD40 (non-KPL-404-bound) on a weekly basis for 8 weeks. Full (>95%) RO by KPL-404 (at KPL-404 

serum concentrations of >2 µg/mL), confirming KPL-404 binding to >95% of B cell-expressed CD40 in 
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peripheral blood, was observed in all animals up to 7 days, 14 days, and 28 days in 1, 5, and 10 mg/kg 

dose groups respectively, demonstrating that the magnitude of target engagement by KPL-404 correlates 

with serum concentration profiles (Figure 4B, Supplementary Figure 1).  

Presence of ADAs against KPL-404 was evaluated in serum at pre-dose, 4 weeks, and 8 weeks post-

KPL-404 administration. At 4 weeks post-dose, the first timepoint tested, anti-drug antibodies (ADAs) 

were detectable in all 7 animals receiving the lowest dose level (1 mg/kg).  While animals receiving 

higher doses appeared less likely to have detectable ADAs at this timepoint (4 of 7 recipients of 5 mg/kg 

and 3 of 7 recipients of 10 mg/kg), it should be noted that high drug concentrations in the plasma 

confounded the assay by competing with ADA for binding, rendering the results in the high dose group 

inconclusive.  Corresponding to decline in KPL-404 serum levels over time, 20 of 21 animals receiving 

KPL-404 tested positive for ADAs by 8 weeks post-dose, the end of the study (Figure 4B).   

In this in vivo study, after a single IV administration of KPL-404, there were no KPL-404-related 

clinical observations, changes in body weight or hematology, including thrombocytopenia, nor adverse 

injection site changes in the cynomolgus monkeys based on gross inspection and microscopic 

examination of skin punch biopsies.  Consistent with in vitro observations, KPL-404 did not induce 

depletion of peripheral CD20+ B cells (Figure 5). The absence of observable safety findings suggests a 

good safety profile for KPL-404 at indicated exposure levels.  

KPL-404 suppresses antigen-specific antibody responses in vivo  

Since the CD40-CD40L pathway is required for antigen-primed B cells to become activated and 

to form GCs which generate class-switched, affinity matured IgG antibodies in response to T cell-

dependent antigens, an antigen challenge model was used to evaluate the pharmacodynamic efficacy of 

KPL-404 to block T-cell-dependent antibody response.  

Suppression of T-cell-dependent primary anti-KLH and anti-TT IgM responses was observed 

through 28 days in both KPL-404 5 and 10 mg/kg-dosed animals compared to control animals that 
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received placebo (Figure 6A, 6B). Primary anti-KLH and -TT IgG levels were also suppressed in KPL-

404 5 and 10 mg/kg-dosed animals compared to control animals (Figure 6C, 6D).  

In evaluation of the secondary immune response, the second administration of KPL-404 at the 5 

mg/kg dose level suppressed secondary anti-KLH and anti-TT IgG compared to control placebo group 

upon antigen rechallenge, after having excluded samples from animals that tested ADA-positive at the 

time of antigen rechallenge to compensate for observed rapid loss of KPL-404 serum levels and CD40 

target engagement (Figure 6C, 6D). 

The efficacy of KPL-404 in blocking the recall (secondary) antibody response in the absence of 

prior blockade of primary antibody responses was evaluated in separate cohorts in the PK-PD study. The 

PK and RO profiles of the animals in this cohort (Figure 7A, 7B) were similar to the cohort dosed with 

KPL-404 5 mg/kg on Day 0 (Figure 4A, 4B). In the case of antigen priming in the absence of CD40 

blockade, KPL-404 5 mg/kg suppressed secondary anti-KLH IgG recall response by 41% compared to 

control animals at day 42, which is the peak of response (Figure 7C).  

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 25, 2022 as DOI: 10.1124/jpet.121.000881

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


17 
 

DISCUSSION 

The CD40 antagonist antibody, KPL-404, blocks activation of the CD40/CD40L pathway, which 

has been implicated in multiple autoimmune diseases including SLE, RA, Sjogren’s Syndrome, and 

Graves’ Disease. KPL-404 has been shown to block in vitro CD40-CD40L-mediated activation of B cells 

from the blood of healthy as well as SLE and Sjogren’s Syndrome donors (Marken et al., 2021). Here, we 

have further characterized the binding and functional properties of KPL-404 in vitro and demonstrated its 

preclinical in vivo pharmacokinetic and pharmacodynamic profile in support of its development as a 

potential therapeutic in autoimmune diseases. 

In vitro experiments showed that KPL-404 bound recombinant CD40 as determined by SPR and 

cell-surface-expressed CD40 as determined by flow cytometry. This was consistent with the previous in 

vitro study by Marken et al. which showed binding of KPL-404 to CD40 expressed on B cells and 

monocytes from peripheral blood. It should be noted that KPL-404 bound to recombinant CD40 

molecules with higher affinity (KD 7 nM) than the natural affinity of CD40L for CD40, which has been 

reported to be 10-30 nM (KD) by SPR. Epitope mapping studies indicated KPL-404 binds CD40 at amino 

acids Glu28, Asp69, Arg73, and Glu74 on adjacent loops of the extracellular domain (Michaels et al., 2019). 

This epitope is 100% conserved between human and cynomolgus monkey CD40, and several amino acids 

in this region are involved in CD40-CD40L interaction as shown from crystal structure, suggesting 

possible steric mechanism of action for KPL-404 inhibition of CD40-CD40L interaction. Indeed KPL-

404 inhibited CD40L-induced activation of CD40 downstream signaling but did not induce depletion of 

CD40-expressing cells in vitro, which may be helpful from a safety perspective when targeting CD40 

clinically, given the broad expression profile of this receptor on immune and stromal cell types. Absence 

of in vitro human B cell activation by KPL-404 has also been demonstrated previously (Marken et al., 

2021). In vitro studies with human platelets have shown KPL-404 does not induce platelet activation 

(CD62P expression), aggregation or dense granule release in the presence or absence of soluble CD40L 

(data not shown). We did not observe thrombocytopenia over the 8-week in vivo study. These 
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observations are in line with the expected pharmacological profile of KPL-404 as a true antagonistic 

antibody targeting the CD40-CD40L pathway and consistent with the previous study using peripheral 

blood mononuclear cells from healthy donors and SLE and Sjogren’s Syndrome patients (Marken et al., 

2021). 

In vivo PK profiles indicated dose-dependent target mediated drug disposition (TMDD). The 

terminal half-life of KPL-404 could not be calculated due to these TMDD effects and the impact of cross-

species ADAs on PK profiles. Considering KPL-404 is a humanized antibody being administered to 

monkeys, development of ADAs against drug product in these animals is not unexpected. While 

therapeutic CD40 antagonism does block generation of antibodies against neoantigens, including KPL-

404, ADAs can form over time when the concentration of CD40 antagonist falls below pharmacologically 

relevant levels needed to suppress antibody formation in lymph nodes, which is expected to be inversely 

proportional to dose. In this study, samples were not collected for ADA detection until 28 days post-dose. 

CD40 inhibition, if therapeutic, would be expected to block ADA formation similar to other T-cell 

dependent antibody response (TDAR) during this timeframe, and inhibition of antibody generation to the 

neo-antigens TT and KLH were also observed during this time window. At Day 28, ADAs were detected 

in all animals receiving the lowest dose and less than half of the animals receiving the highest dose, which 

is consistent with the mechanism of suppression of antibodies by CD40 antagonism. However, it should 

be noted that high drug concentrations in the plasma confounded the assay by competing with ADA for 

binding, rendering the results in the high dose group inconclusive.  Nearly all animals had ADA detected 

by 8 weeks post dose. The appearance of ADAs in these animals could account for lower than expected 

PK after the second dose potentially due to more rapid elimination, thus impacting KPL-404 PK and RO. 

Indeed KPL-404 serum concentrations were decreased more rapidly, and KPL-404 RO was also lost more 

rapidly following the second dose in the 1 and 5 mg/kg dose group potentially due to ADA interference. 

These preclinical KPL-404 PK and RO profiles, taking into account these TMDD effects at clinically 
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relevant doses such as 5 and 10 mg/kg, can contribute to PK modeling for KPL-404 clinical development 

and determination of dosing regimens for clinical trials.  

The observed timing and PK decay curves correlated with loss of full RO across doses, 

implicating a threshold concentration of 2 μg/ml needed to achieve ≥90% RO in peripheral blood in 

cynomolgus monkeys. However, the more physiologically relevant pharmacodynamic effects of KPL-404 

would be exerted in tissue rather than peripheral blood such as in inhibition of GC formation and antibody 

class switching in response to T cell-dependent antigens in lymph nodes; therefore, the plasma 

concentrations that correlate with these in-tissue (or site-of-action) PD effects must be determined 

empirically. KPL-404 effects on anti-KLH and anti-TT IgG antibody responses after neoantigen 

challenge were measured as PD markers. Suppression of antigen-specific antibody responses, both 

primary and secondary, by KPL-404 were observed at serum KPL-404 concentrations of >20 μg/ml 

which was maintained for 2 and 4 weeks at doses of 5 and 10 mg/kg respectively (Supplementary Figure 

2). This could also be correlated to development of ADAs in some animals in the KPL-404 5 mg/kg and 

10 mg/kg group by day 28 as a result of serum levels of <20 μg/ml KPL-404. This indicates serum levels 

of KPL-404 of 20 μg/ml and higher are needed to inhibit CD40 in tissues where this pathway is more 

relevant for GC formation and antibody production. Such a PK-PD relationship is in line with previous 

observations for another CD40 antagonist antibody CFZ533 (iscalimab) wherein the authors reported 20-

fold higher peripheral drug levels were needed for suppression of GCs and antigen-specific antibody 

responses than for full target occupancy in peripheral blood (Ristov et al., 2018). In that study with 4 

monkeys, CFZ533 demonstrated suppression of secondary anti-KLH IgG responses correlated with 40 

µg/ml CFZ533 serum concentrations following intravenous administration of 10 mg/kg CFZ533. In 

another small study with 3 animals, CFZ533 showed >90% RO for less than 28 days at doses of 16-20 

mg/kg administered intravenously with variable PK profiles. A transient decrease in total CD40 

expression following CFZ533 administration in vivo, potentially due to internalization or shedding, was 
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observed. In our study, total CD40 levels on B cells appeared unaffected during the entire duration of 

KPL-404 exposure (data not shown), but this hypothesis warrants further experimentation. 

 We have also shown that KPL-404 inhibits secondary (anamnestic) antibody responses to repeat 

antigen exposure after a normal antigen-specific priming done in absence of CD40 blockade. These data 

indicate that the antibody recall or memory B cell responses in response to T cell-dependent antigens are 

also dependent on CD40-CD40L, though the extent is unclear since inhibition is incomplete. This also 

further strengthens rationale for KPL-404 to at least partially block existing autoantibody responses in 

autoimmune patients, where the autoimmune response would be an ongoing process with 

secondary/memory antibody responses to repeated autoantigen exposure, and the primary antibody 

responses were most likely mounted during disease initiation prior to any therapeutic intervention. It 

should be noted, however, that KPL-404 would not be expected to block responses of long-lived plasma 

cells which develop from activated B cells and do not require CD40-CD40L interactions to produce 

antibodies. 

Given the broad spectrum of impact of CD40 signaling on the immune response and its potential 

role in many autoimmune diseases, several molecules targeting the CD40-CD40L pathway have been 

generated and evaluated in clinical settings. Trials with CD40 or CD40L-targeting investigational 

therapeutics such as iscalimab (CFZ533), VIB4920, dapirolizumab pegol, and ruplizumab (BG9588) have 

demonstrated favorable efficacy in improving EULAR Sjogren’s Syndrome disease activity index scores 

in patients with Sjogren’s Syndrome, DAS28-CRP in patients with Rheumatoid Arthritis, SLE activation 

indexes such as SLEDAI in patients with SLE and T3/T4 levels in patients with Graves’ Disease, 

providing external proof of concept for targeting this pathway in autoimmune disease (Boumpas et al., 

2003; Chamberlain et al., 2017; Kahaly et al., 2020; Karnell et al., 2019a). In conclusion, our in vitro and 

in vivo studies characterize KPL-404 as a blocking anti-CD40 antibody that potently inhibits primary and 

secondary antibody responses at pharmacologically relevant concentrations in TDAR studies and did not 
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deplete B-cells by antibody dependent cellular cytotoxicity or apoptosis (“non-depleting”), supporting 

clinical development of KPL-404 as a potential therapeutic in autoimmune diseases. 
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FIGURE LEGEND 

Figure 1: Study design for in vivo TDAR model in cynomolgus monkeys 

Placebo or KPL-404 was dosed at indicated dose levels intravenously (i.v.), and KLH and TT antigens 

administered intramuscularly (i.m.) with 7 animals/group over a 56 day period. On days of administration 

of both test article and antigens, placebo/KPL-404 was administered first and then KLH/TT antigens were 

administered 3 hours later. Arrows indicate timepoints for collection of serum/blood samples for PK 

(purple), RO (green), Ag-specific antibody titers (blue) and ADA (red). 

 

Figure 2: KPL-404 binds CD40 and inhibits CD40 downstream signaling in vitro 

(A) Kinetics of KPL-404 binding to human and cynomolgus monkey CD40 were determined by surface 

plasmon resonance analysis, and KD was determined. Sensorgram plots are raw kinetics data plots for 

binding at KPL-404 20 µg/ml surface binding density. (B) ELISA plots of KPL-404 binding to 

immobilized CD40-His or CD40-Fc at different concentrations were used to determine KPL-404 EC50. 

(C) Cell-based assay with HEK-Blue CD40L cells pre-incubated with KPL-404 or isotype control 

antibodies at different concentrations showed inhibition of CD40L stimulated reporter activity which was 

used to determine KPL-404 IC50. 

 

Figure 3: KPL-404 does not induce lysis of CD40-expressing Raji cells in vitro 

(A) CD40 expression on Raji cells was detected by KPL-404 staining for flow cytometry and expressed 

as mean fluorescent intensity (MFI) or % cells positive. (B) %cell lysis induced by ADCC was calculated 

at different concentrations of KPL-404 or control antibodies. (C) %cell lysis induced by CDC was 

calculated at different concentrations of KPL-404 or control antibodies. 
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Figure 4: KPL-404 engages CD40 target and shows favorable pharmacokinetics in vivo 

(A) KPL-404 serum concentrations in cynomolgus monkeys from in vivo TDAR model were measured 

over the 56 day study duration. (B) KPL-404 CD40 receptor occupancy was measured in peripheral blood 

of cynomolgus monkeys from in vivo TDAR model over the 56 day study duration. Animals that tested 

ADA positive are indicated by red cross square symbols. These data include cohorts that received KPL-

404 and KLH/TT administration on day 0 (Placebo, 1, 5 and 10 mg/kg) and day 28 (Placebo, 1, 5 mg/kg). 

Black arrows indicate placebo/KPL-404 IV administration. 

 

Figure 5: KPL-404 does not induce depletion of CD20+ B cells 

CD20+ B cell counts in peripheral blood of cynomolgus monkeys from in vivo TDAR model were 

measured over the 56 day study duration. Black arrows indicate placebo/KPL-404 IV administration.  

 

Figure 6: KPL-404 suppresses antigen-specific antibody responses in vivo 

Primary and secondary antigen-specific IgM responses to KLH (A) and TT (B) and IgG responses to 

KLH (C) and TT (D) were measured in cynomolgus monkeys from in vivo TDAR model over the 56 day 

study duration. These data include cohorts that received placebo/KPL-404 and KLH/TT administration on 

day 0 (Placebo, 1, 5 and 10 mg/kg) and day 28 (Placebo, 1, 5 mg/kg). ADA-positive animals were 

excluded from dataset as indicated in table. Black arrows indicate placebo/KPL-404 IV administration 

and brown arrows indicate KLH and TT antigen IM injection as appropriate.  
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Figure 7:  KPL-404 suppresses secondary KLH IgG recall response after prior antigen priming in 

the absence of KPL-404 in vivo 

(A) KPL-404 serum concentrations in cynomolgus monkeys from in vivo TDAR model were measured 

over 28 day duration post-dose on Day 28 (B) KPL-404 CD40 receptor occupancy was measured in 

peripheral blood of cynomolgus monkeys from in vivo TDAR model over 28 day duration post-dose on 

Day 28 . (C) Primary and secondary antigen-specific IgG responses to KLH were measured in 

cynomolgus monkeys from in vivo TDAR model over the 56 day study duration. These data include 

cohorts that received KLH administration on day 0 and Placebo/KPL-404 (5 mg/kg) and KLH on day 28. 

Black arrows indicate Placebo/KPL-404 IV administration and brown arrows indicate KLH antigen IM 

injection.   

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 25, 2022 as DOI: 10.1124/jpet.121.000881

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


29 
 

Table 1: PK parameters from KPL-404 in vivo study in cynomolgus monkeys 

Group 

(n) 

Dose 

mg/kg 

IV 

Day Gender C
0
 

μg/mL 

± SD 

C
max

 

μg/mL 

± SD 

AUC
0-168hr

 

μg*h/mL 

± SD 

AUC
0-672hr

 

μg*h/mL 

± SD 

HL 

H 

± SD 

2 (7) 1 0 F 29.3±3.33 26.1±3.15 1,410±302 1,410±302 57.7±9.29 

3 (7) 5 0 F 152
a

±26.8 138±15.7 10,300±1,130 18,500±3,860 112±47.4 

4 (7) 10 0 F 303±55.3 273±40.8 21,900±2,010 47,700
a

±5,870 94.0±36.6 

2 (7) 1 28 F NR 5.73±4.15 NR NR NC 

3 (7) 5
b

 28 F 145±102 101±38.3 16,200±3,400 28,000±5,640 NC 

6 (7) 5
b

  28 F
   

 142±26.6 158±65 10,700±1,300 20,900±3,900 149±87.6 

M 167±15.4 141±11 10,600±1,050 20,100±4,970 109±85 

aFor Group 4 receiving 10 mg/kg KPL-404, AUC0-1344h (AUC to Day 56) was 50900000 ng*h/mL 

bGroup 3 received 5 mg/kg KPL-404 on Days 0 and 28 and Group 6 received KPL-404 on Day 28 only 

NC = not calculated; NR = not reportable; F = Female; M = Male; SD = Standard Deviation 
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5 mg/kg 10 mg/kg1 mg/kg

Supplementary Figure 1. Relationship between KPL-404 pharmacokinetics and CD40 receptor occupancy in vivo. 
KPL-404 serum concentrations and % free CD40 were measured in peripheral blood of cynomolgus monkeys in an in vivo 
TDAR study over the 56 day study duration. The inverse relationship between circulating KPL-404 concentration (PK) and free 
CD40 for each cohort is illustrated here. These data include cohorts that received KPL-404 administration on day 0 (Placebo, 
1, 5 and 10 mg/kg) and day 28 (Placebo, 1, 5 mg/kg). Black arrows indicate placebo/KPL-404 IV administration.



5 mg/kg 10 mg/kg1 mg/kg

Supplementary Figure 2. Relationship between KPL-404 pharmacokinetics and anti-KLH responses in vivo. 
KPL-404 serum concentrations and anti-KLH antibody responses were measured in peripheral blood of cynomolgus monkeys 
in an in vivo TDAR study over the 56 day study duration. The relationship between KPL-404 pharmacokinetics (PK) and 
pharmacodynamic (PD) response as measured by suppression of anti-KLH antibody response for each cohort is illustrated 
here. These data include cohorts that received KPL-404 and KLH/TT administration on day 0 (Placebo, 1, 5 and 10 mg/kg) and 
day 28 (Placebo, 1, 5 mg/kg). Black arrows indicate placebo/KPL-404 IV administration and brown arrows indicate KLH and TT 
antigen IM injection.
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